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ABSTRàCT
The oxidation characteristics of eight Nh-Al alloys in 
a 10% oxygen atmosphere were studied in the temperature range 
of 700 to 1300*0 , Additions of aluminium generally 
improved the oxidation resistance of niohium.
Dilute alloys, when oxidized at intermediate temperature; 
showed a considerable enrichment of aluminium in the oxide, 
due to the preferential oxidation of the latter. An alloy- 
containing 6% Al, when oxidized, was found to have ^  36% A1 
in the oxide layer, and this alloy had the minimum oxidation 
rate at 700*0 . Alloys which had in excess of 9% Al did not 
show preferential oxidation in this temperature range, and 
this is attributed to the high stability of the compounds.
At 900*0 ahd above, the general oxidation kinetics of 
dilute Eb-Al alloys were found to obey a Lorriers type 
mechanism. Preferential oxidation of aluminium was 
insignificant in all alloys. Alloys rich in aluminium 
showed a substantial drop in the oxidation rate, due to the 
formation of a highly protective oxide of NbAlO^, which was 
identified as n-type semi-conductor.
Most alloys suffered from internal contamination, which 
was particularly disadvantageous with the intermetallio 
phases, as they tended to crack readily on oxidation at inter­
mediate temperatures. The maximum cracking susceptibility
■3-
was shown by the sigma phase. The cracking phenomenon wcis 
caused by the formation of highly stressed regions at the 
grain boundaries, resulting in the separation of the grains. 
Above 1000*0, a dense oxide film was formed on NbAl^, which 
inhibited internal oxidation and cracking.
Microhardness examination of the contaminated zones 
revealed the presence of high hardness gradients, especially 
after oxidation at intermediate temperatures, and from these, 
oxygen diffusion coefficients between 1.2 x 10~^ to 2.? x 10 ® 
were calculated. Electron microscopy showed considerable 
particle precipitation in the contaminated zones, particularly 
at high temperatures, indicating phase dissociation.
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1. IjEUmPUCTION
Study of the oxidation characteristlca th® I3h-A3. 
system was based on the success obtained with, the aluminide 
coatings on niobium components of space vehicles#
These coatings were found to have a life span of 
approximately two hours when exposed to oxygen at 
The excellent oxidation resistance achieved was 
attributed to the protective nature of the oxides formed 
on the surface of the intermetallic compounds. 
Unfortunately, they suffered from spa] ling in the temper­
ature range of ? 0 0 to 9 0 0 *0 .
Further, niobium alloys having small additions of 
aluminium (h,5 wt#%) were reported to have excellent 
oxidation resistance in steam at 400*0.
Since no satisfactory hypothesis was available as to 
why intermetallies of the Ub-Al system suffered from 
cracking at intermediate temperatures, while they showed 
good oxidation resistance at high temperatures, it was 
decided to conduct a systematic study of the oxidation 
behaviour of the Fb-Al system with the object of finding 
the cause of cracking of the intermetallic compounds at 
intermediate temperatures and the nature of the protective 
oxides formed at high temperatures.
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2. LITERATURE EEVIEV/
2.1. Introduction
A number of publications have appeared in recent 
years expounding both theoretical and practical aspects 
of oxidation processes of metals with varying degrees of 
success. (The term "oxidation" is understood here as the 
reaction of metals with gaseous oxygen).
Generally, the basis of any oxidation process is 
for the free energy of the reactants to be greater than 
that of the products, with the consequent predominance of 
the latter; a fact amply demonstrated by nature.
However, various intermediate processes intervene, and 
therefore affect the general trend implied by relative 
thermodynamic stability. One of these intervening factors 
is temperature. Although the process indicated by 
equation (1 ) may be thermodynamically feasible,
2M + Og ~> 2M0   (1)
for the above reaction to take place both M and oxygen 
must have sufficient mobility, and this, for most metals, 
requires relatively high temperatures. At ro#m 
temperature, a thin film of MO may form and thus 
interrupt the above reaction; for this reason, most 
metals present hardly any oxidation problems at room 
temperature.
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The advent of the aircraft industry and chemical 
engineering, involving the use of metals and alloys at 
intermediate and high temperatures, led to the need for a 
greater understanding of the kinetics associated with the 
above reaction, together with chemical, physical and 
mechanical stability of oxidation products.
This rendered the development of oxidation theory 
and practice, as is known today, imperative.
2.2. Gas-Solid Reaction
Oxidation in the present context, generally 
involves a reaction between a gas and a clean metal 
surface. The initial interaction of the gas-metal inter­
face may be sub-divided ; ^ ^ ^
(a) Chemi-sorption involving an electron switch, occurs
and leads to the formation of a strongly held mono­
layer of chemi-absorbed gas.
(b) A physically adsorbed layer of gas is formed on the
surface (either directly on the metal or super­
imposed on a chemi-sorbed layer) as a result of Van 
der Waal*s forces.
(c) If the formation of a gas-metal compound can take
place with a decrease in free energy AG, the chemi-
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sorption process Is followed by the separation of 
the compound as a new bulk phase*
Since chemi-sorption must precede dissolution, in 
a system where AG for the formation of the most stable gas- 
metal compound is positive, the solution will be in 
equilibrium with the chemi-sorbed layer only, and is thus 
a function of gas pressure. If, on the other hand, the 
gas pressure ia higher than the dissociation pressure of 
the compound, a new phase may appear, in which case the 
solubility would be independent of the gas pressure, and is 
determined only by the activity of the compound.
The solubility of a di-atomic gas in metal at 
pressures less than that at which the second phase is 
present, could be given by
S = K.p*..................... .........  (2)
K is Sieverts constant 
p is gas pressure 
S is solubility
This would indicate that the gas is dissociated into atoms 
during the solution processes, e.g.
Xg <-> 2X (in solution)   * (5)
K = Qc in solution ]  ^/PX^ (4)
where activity of dissolved X may be taken as equal to the
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mole fraction. Hence
/dink \  ^ A H
\d Ï / ir^ (5)
(Van*t Hoff’s Isotherm)
AH (cal/mole) is the heat absorbed by dissolution of one 
gram mole of integration of equation (5 ) gives
= • 21n S^/Sg =   (6)E '-^‘2
and Xg are equilibrium 
constants, and 8 2 are 
solubilities at T^j and 
T2 respectively.
It has been observed, for many gas-metal systems,
that plotting InS vs. 1, gives a straight lineT (absolute) relationship over a wide temperature range.
Finally, an experimental equation for the dissolution 
of diatomic gases being
log^O ^/p2" ~ -A/gi + B (A and B are constants) ....   (7)
2.2.1. Hetal-Gompound Equilibrium
For systems which involve equilibrium between the 
metal and a gas-metal compound, the variation of
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solubility with temperature can be represented by an 
equation of the form
log^Q (%X or %MX in solution)/(MX) = ~A/^ + B . ( 8 )
(The activity of pure compound, MX, is frequently taken as 
unity, particularly for cxide systems). Since most metals 
form oxides that have a negative AG value, this would give 
rise to an intermediate layer between metal and gas. The 
nature of the oxide layer is quite important, since it 
determines the rate of oxidation of a metal or an alloy 
by the efficiency with which it separates the reactants.
2 .5 . The Oxide/Metal Interface
In practice, a slow rate of oxidation is usually 
associated with a process in which the slow step is the 
transport of reactants through the scale layer.
Eventually, the scale layer fails and ceases to protect 
the metal. This failure often takes place at the oxide/ 
metal interface, thus a study of the interface is 
important.
The nature of this interface between the metal and 
the oxide determines ;
(a) The transport of metal ions to the oxide. If this is 
to take place, the transition zone must be of one to
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two atomic layers thick.
(h) The orientation of the oxide relative to the metal.
(c) The mechanical stability of the oxide4
Two hypotheses have been postulated concerning the 
nature of the metal/oxide interface:
(1) Transition layer between metal and oxide.
(2) Misfit dislocations accommodating strains at 
metal/oxide interface*
The general use of the term coherency of oxides on 
metal does imply a considerable degree of lattice 
registry across the interface, so any lattice misfit must 
be insufficient to nucleate dislocations in the metal or 
the scale at the interface. Theoretical determinations 
based on a critical radius for nucléation of oxide on metal 
showed that the degree of misfit cannot exceed 10%.
Frank and Mervwe^^^ have demonstrated that for greater 
strains than this misfit dislocations are nucleated.
Overall it would seem that true coherency is improbable 
for oxides formed particularly on polycrystalline metals, 
due to the difficulty in satisfying various orientation 
relationships♦
Recent low energy electron diffraction^experiments
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have shown that the initial stages in the oxidation of 
nickel involve the formation of a sequence of ordered 
layers of oxygen atoms on the metal surface. Stringer^ 
proposed that between the metal and the oxide there may be 
a "transition layer", consisting of successive planes of 
progressively changing composition and structure. The 
relationship between the orientation of the metal and 
that of the oxide is thus determined by the structure of 
the "transition layer", rather than the scale metal inter­
face misfit.
On the other hand, the general model for the misfit 
hypothesis^assumes that regions of good fit are bounded 
by "misfit dislocations". There are a number of 
possible arrangements of misfit dislocations; they may 
form a regular network, they may form two dimensional 
cell boundaries or may be randomly orientated.
When the misfit dislocation density increases 
beyond a fairly small value, all epitaxy between the 
metal and the scale will have been destroyed and the oxide 
will no longer be truly coherent. However, it will 
still be physically and chemically continuous with the 
metal.
The above model is supported, to some extent, by 
practical observations of Dankov and Churev^^^.
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In order to understand the nature of the processes 
that occur during oxidation, a prior survey of some of the 
properties of the oxides, e.g. electrical conductivity, 
coupled with the effect of temperature and pressure on 
the various observed kinetics, must be made.
2.4. Oxidation Rates
Most metals are prone to oxidation when exposed to 
air, both at room and high temperatures.
Various methods have been devised for the study of 
the growth of oxide layers, these include
1) Measurement of the variation of thiclaiess of 
oxide layer with time (e.g. electrometric 
m e t h o d ) •
2) Measurement of the weight change with time 
(gravimetric method).
3) Measurement of the variation of the volume of 
surrounding gas with time (volumetric method).
Since kinetic theory is primarily connected with the 
progress of the reaction with time, the following 
relationships were formulated, some from theoretical 
derivations and others from experiment :
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(i) linear rate Am = El. t.
p(ii) parabolic rate (Am) = Ep. t.
(ill) cubic rate (Am)^ - Kc. t.
(iv) logarithmic rate Am = Ke. log (a.t + to).
(v) inverse logarithmic rate 1 = A - log t.
Sn
Am = wt. change and t = time,
El “ linear constant,
Ep = parabolic,
Ec ~ cubic,
Ee, a and to are constants,
A and E^ are constants.
A combination of two or more of the above-mentioned 
relationships in a single oxidation time curve is quite 
common, e.g. a metal may begin to oxidise parabolically and 
then continue linearly*
According to a survey of mechanisms by Eubaschewski 
the tendency for the logarithmic and inverse logarithmic 
rates is to prevail at low temperatures and are basically 
associated with thin oxide films.
An exponential relationship was first deduced by 
Tamman^  ^from observations of colour changes with 
oxidation of various metals in air at relatively low 
temperatures. These observations were later verified by 
Akeroyd and S t r o u d f o r  the oxidation of zinc below
,(8)^
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3 3 0 *0 ; zlrconium^^^) and t i t a n i u m ^ b e l o w  3 0 0 * 0 and 
tantalnm^^^) below 1 5 0 *0 .
The film thicknesses associated with the above 
observations were generally less than a few hundred Angstrom 
units.
The inverse logarithmic relationship, in terms of 
film thickness, has been observed very rarely. Vermilyea^^^^ 
found that oxidation of tantalum in oxygen followed a 
logarithmic rate between and 50 and 1 0 0 *0 , an inverse 
logarithmic rate between 2 0 0 and 3 0 0*0 , while the inter­
mediate range could be equally represented by a logarithmic 
or inverse logarithmic plot. The latter is possibly due to 
the small film thicknesses involved and the scatter of 
results^^). Linear oxidation in air has been observed 
both at room and high temperatures. If a surface layer is 
non-protective and offers no resistance to the continued 
contact between metal surface and gas phase, the actual 
thickness of the layer has no influence on the reaction 
rate. The process may be formulated on the basis of 
linear change of thickness with time,
d & /dt ....... (9 )
â = îï^ t + c . .o..., (1 0 )
èi - thickness of film, = linear constant and c = 
integration constant.
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The above relationship would not apply in cases 
where oxides are volatile or highly porous.
An alternative method, based on a modification of 
linear rate similar to that of Wagner’s modified 
parabolic relationship, is given by Eubaschewski^
An interesting observation with metals exhibiting 
a linear rate is the relatively low (<1 ) or high volume 
ratio of oxides, leading to either an incomplete oxide 
layer in the former case, or considerable interfacial 
stresses in the latter.
A considerable amount of heat is produced per unit 
time during linear oxidation; this causes an increase in 
temperature, and at high temperatures this effect might 
result in non-isothermal burning, as was observed with 
the oxidation of t h o r i u m ^ a n d  uranium^2 0 ,2 1 )  ^ if, on 
the other hand, the volume ratio of the oxide is greater 
than unity and volatile compounds are absent, the growth 
of continuous oxide films may have to be considered.
If, in these layers a diffusion process is rate 
determining, then provided that the diffusion coefficient 
and the surface area remain reasonably constant throughout 
the oxidation process, the increase in thiclaiess of film 
with time may become inversely proportional to film 
thickness.
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d&/dt = f Kp/^    (11)
on integration
^  = Kp,t + <5 ( c - o  when ^  = o and t = o) ... (12)
Although the surface area may be kept constant during 
the oxidation process, the same cannot be said of the 
diffusion coefficient, since the latter depends on the 
concentration gradient within the layers, which should be 
influenced by the concentration of the diffusing species 
at the film interface, and may be very sensitive to 
structural changes in the layer (this is particularly 
important in alloy oxidation).
Experimental results have shown that these equations 
are applicable to the oxidation of a large number of metals 
and alloys within certain temperature ranges and for a 
limited duration of time.
The parabolic relationship was first observed by 
Tamman^^^\ and Pilling and Bedworth^^^^, A cubic 
relationship ^  = Kc.t has been observed for nickel 
at 400*0, titanium^ ( 3 5 0 = 600*0) and zirconium^
2.4.1, Dependence of Oxidation Rate on Temperature andPressure
(a) Effect of Pressure
The interest in the effect of pressure on oxidation
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rates is in the assessment of oxidation mechanisms. If, 
for instance, the rate determining step involves the 
dissociation of the attacking di-atomic gas, one would 
expect the oxidation rate to increase with the square root 
of the gas pressure, e.g. reaction of nickel with gaseous 
where the linear rate constant was found to he 
proportional to in the pressure range of 0 .01 -
0 . 5 mm.Eg.
Cowgill and Stringer^found that the oxidation 
rate of tantalum in 0 ^ (between 600 - 9 0 0 *0 , and in the 
pressure range of 1 to 400 mm.Eg) increased linearly with 
the square root of the oxygen pressure. This would 
indicate the oxide/gas interface reaction as the rate 
controlling step.
The same relationship mentioned above is also valid 
for the solution of di-atomic gas in metal, since the 
latter obeys Sievert’s law. On the other hand, if the 
diffusion process in an oxidation layer controls the total 
reaction, the oxidation rate-pressure relationships can be 
quite different, e.g. n-type semi-conducting scales within 
certain ranges of temperature and pressure for the parabolic 
reaction of oxygen or air with titanium^ zirconium^
niobium^ and tantalum^ the oxidation rate was
found to be independent of pressure. For p-type semi­
conducting scales, a different oxidation rate-pressure
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relationsîiip was observed, Wagner and Grunwald^^^^ found 
that the parabolic constant for oxidation of copper is a 
linear function of the seventh root of the oxygen pressure 
at 1000*0. Little has been done on the effect of gas 
pressure on oxidation of alloys. However, Thomas and 
Price^^^^ observed that on lowering the partial pressure 
of oxygen the baser element was attacked still more 
severely than the more noble ones.
(b) Effect of Temperature
Dunn^ *^^  ^ was amongst the first to emphasize that 
surface reactions, being kinetic processes, may obey 
Arrhenius * s equation
E = Ae-Q/BT   (15)
(Q « activation energy,
A and K having the same 
dimensions).
Most of the experimentally determined values of K
for various systems seem to fit into log k vs 1T absolutegiving straight line plots^ ^.
In the study of the dependence of oxidation rate of 
copper on temperature by Tylecote^^^\ the following 
relationship was found to apply
E = A^  AgG-Qz/B^   (14)
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According to Valensi^^^\ the activation energies 
calculated from the high and low temperature straight lines 
are 37*7 and 20,14 K.cal respectively.
Under conditions of high temperature reaction, CuO(8)is unstable and Gu^O is the only oxide present 
Further, the observation that the diffusion of Cu"^  in OugO 
has a heat of activation of 3 7 * 8 k . c a l . •seemed to 
suggest that this diffusion process determines the rate of 
oxidation at high temperatures. This deduction was later 
confirmed by Moore and Belikson^^^^. At low temperatures 
another reaction must be rate determining, and it seems to 
invoIve CuO ^ ^,
In some cases, the oxidation rate is found to
C 8)decrease with increasing temperature^ , so that log Kp 
vs 1 yields a negative activation energy, e.g. niobium^^^’"^ ^^  
(600 - 7 0 0 *0 ), and cuprous o x i d e (800 - 1 0 0 0 *0 ) in 
oxygen. Since the activation energy cannot be negative, 
the effect could be due to sintering of defective oxide 
layers which become more protective as oxidation 
progresses^
2.4.2. "Transition Rate" or Paralinear Rate
So far, the survey has been confined to the various 
ideal rates of oxidation, e.g. logarithmic, parabolic,
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cubic, etc. However, many of the ma&or metals and 
alloys with desirable high temperature properties show a 
change during oxidation from a parabolic to a linear rate. 
The transition rate during the change may last for a few 
minutes, or, more often, for several hours, e.g. in the 
oxidation of copper^^^^, titanium^^^^ and tungsten^^^^.
In most oxidation processes, any given rate law 
lasts for only a limited time, at the end of which the rate 
is either described by another law or passes through a 
transition rate before another rate law is established.
This transition rate may not necessarily be associated 
with a change in mechanism, for the overall rate of a 
process consisting of a number of consecutive steps is 
determined by the rate of the slowest step. When the 
slowest step eventually becomes more rapid than another 
process in the chain, this latter step now controls the 
overall rate^^\
Transition from parabolic to linear oxidation takes 
place once the oxide ceases to act as a protective layer, 
and therefore the effective barrier between the reactants 
would be more or less of constant thickness. The 
reaction rate would then become linear. Reactions 
having this overall kinetic are divided into two classes^^^;
(a) one in which the linear rate constant depends on the 
parabolic rate constant.
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(b) one in which the linear rate constant is independent 
of the parabolic rate constant.
In the first case, where a parabolic rate is 
associated with the formation of a coherent oxide layer, as 
the scale thickens the interfacial stress increases and 
the scale will fail either by fracture at, or parallel to, 
the interface, or by shear or tensile fracture through the 
scale layer. The crack formed may obstruct inward 
diffusion of ions. The rate then would be determined 
almost entirely by the diffusion through the unfailed oxide 
layer. Since in steady-state conditions, this can be 
expected to have a constant thickness, the oxidation rate 
will then be linear. The thickness at which the scale 
cracks is termed the critical oxide thickness and the 
dependence of the linear rate constant on the parabolic 
constant is given by Stringer^
%  “ g   (15)
In the second case, where the parabolic rate is 
associated with a coherent oxide layer, the rate is 
controlled by the diffusion of lattice defects through the 
oxide layer. After some time, a reaction is initiated at 
the oxide/gas interface whereby the nucléation and growth 
of a porous oxide layer takes place, as in the oxidation 
of tungsten ( 7 0 0 - 1 0 0 0 This interface reaction is
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linear and is independent of the diffusion processes 
that control the parabolic growth of the adherent scale; 
the rate constants are therefore independent.
2.5* Some of the Oxide Properties that are important for 
the understanding of the Oxidation Mechanism
2.5*1. Electrical Properties of Oxide
In order to understand reactions that involve 
diffusion in oxides, some knowledge of the defect structure 
is essential. One of the methods commonly employed is the 
study of the electrical properties of the oxides under 
various environments.
Metals and compounds may be sub-divided into^^^
(i) Metallic conductors (dK/dT is negative), 
electronic.
(11) Semi-conductors, predominantly electronic.
K « and dK/dT is positive.
(iii) Ionic conductors and insulators.
K = + Ag e-Qs/™.
A^ and Ag represent anion and cation 
conductivity, electronic conductivity being 
,negligible.
The above division is based largely on the degree 
to which the electrons participate in conduction.
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An excellent study of the Frenkel and Shottky 
models for the understanding of ionic conductivity is 
given Eubaschewski and Hopkins^and Hauffe^^^^.'
In semi-conductors the contribution made by anions and 
cations towards total conductivity is very small, as 
compared with the electronic contribution. The basic 
model for semi-conducting oxides is due to Wagner.
The fundamental concept of Wagner’ model of 
semi-conducting compounds is that they are not of exactly 
stoichiometric composition, but are stable with an excess 
of either cations or anions.
2.5*2. -p-type Semi-Conductors
p-type semi-conductors are deficient in metallic ions, 
the cation lattice containing some vacant sites, and 
electrical neutrality is established by the formation of 
cations of higher valency. An alternative would be an 
excess of anions, located at interstitial sites.
The number of higher valency cations is identical 
with the number of electron defects and the number of 
electron defects determines electron conductivity. Cations 
can participate in the transport of electricity by using 
vacant sites^^^^.
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(a) a-type Semi-Conductor: Cation Deficient
CugO is an example of a cation deficient semi­
conductor, as shown by chemical a n a l y s i s a n d  by the 
variation of electrical conductivity with oxygen partial 
pressure. The latter was predicted and later observed by
W a g n e r ^ w h e r e b y  IC = constant X (^0 2 )^^^' Reaction 
takes place at the CugO/O^ interface and the adsorbed 
oxygen ions create vacant cation lattice sites, thus 
promoting migration of Cu"^  and electrons from the interior, 
and thereby forming new defects, resulting in an increase in 
conductivity.
The addition of higher valency cations increases the 
number of cation defects, and therefore decreases the 
number of electron defects. This results in an increase 
in the ionic conductivity while the predominating electron 
conductivity decreases. The reverse is true on addition 
of lower valency cations.
(b) p-type Semi-Conductor: Anion Excess
The excess negative component is in the form of 
interstitial oxygen (anions). The addition of higher 
valency cations decreases the electron conductivity, while 
lower valency cations increase electron conductivity.
The electron conductivity increases as pressure of 
oxygen is increased^^^.
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2.5.3* n-type Semi-Conductors
(a) n-type Semi-Conductors: Metal Excess
The excess cations and an equivalent number of 
electrons are located on interstitial lattice sites, 
e.g. ZnOc
2 + 2 ne + (Og) -» 2ZnO   (16)
Zn^ - interstitial Zn ions 
K w electrical conductivity
1
E a [Bog]   (-17)
depending on whether n - 1 or 2 , the above relationship will 
lie between
«.'1/zj. —1/6K a Pq2 or K a ...... (18)
The observation that electron conductivity decreases 
with increasing pressure of the negative component is thus 
an indication of an excess of metal in the semi- 
conductor^^). On addition of higher valency cations, the 
number of electrons is increased and so is the electrical 
conductivity; the reverse is true on addition of lower 
valency cations.
(b) n-type Semi-Conductor; Anion Vacancy
The excess metal is equivalent to anion holes plus 
electrons. Conductivity decreases with increasing pressure
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of the negative component, increasing with addition of
higher valency cations and decreasing-with addition of
lower valency cations^
2 .5 .4 , Pilling Bedworth Ratio 
Volume Ratio
The volume ratio of a compound is defined by the 
following relationship^
0 ” aalecular volume of compound HeXy
Z (atomic volume of metal Me)
where both volumes refer to equivalent amounts of metal, 
e.g.
^2AV= Hv /
2 0 5 / ^
A knowledge of the volume ratio of oxides is important in 
assessing their protective nature. Metals which form 
oxides having a volume ratio <1 would tend to oxidise 
rapidly, due to the inability of the oxide to form a 
continuous film (e.g. Li^O 0- .58 and Ra^O 0 = .5 5 ); on 
the other hand, oxides with high volume ratios, e.g.
RbgO^ ( 0 = 2 .6 8 ), would result in considerable stress at 
the oxide/metal interface and with subsequent cracking. 
(Table I shows the effect of aluminium on the volume ratio 
of ^^pO^).
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2.5*5, Diffusion
A concentration gradient within a homogeneous solid 
phase results in diffusion of the atoms or ions via 
interstitial or vacant sites^^^, and it is for this 
reason that a knowledge of the defect mechanism of the 
relevant structure is important.
The diffusion coefficient is determined from Pick’s 
first law, in which
m « -A. D(dc/d6  )   (19)
where m - the amount of diffusing element (flux) through a 
certain cross-section. A, per second; A = cross- 
sectional area; do/d<!, = concentration gradient.
According to Pick’s second law,
dc/dt = d   (2 0 )
which may he rewritten as
#  “ D 5 ^     (21)dt E g ?
if D is independent of concentration.
Further, if D is independent of concentration, it may 
be evaluated from the tables of Stefan and Kwalki^^^^^; 
otherwise, Grube’s^^^^) or M a t a n o * m e t h o d s  may be 
followed.
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Activation Energy
The temperature dependence of the diffusion rates is 
often expressed by the Arrhenius equation
D = e-Q/BT................. ....... (22)
Due to the dependence of the diffusion rates on concentration, 
the Arrhenius equation should only apply to constant 
concentration^«
Volume and Grain Boundary Diffusion
The transition temperature from grain boundary to 
volume diffusion, in metals and oxides, may be 
represented by
D = ......  (23)
(The transition temperature is represented by the inter­
section of two straight lines whose slopes are Q.^ /p and 
Qg/p, when log D is plotted versus the reciprocal of 
absolute temperature).
These transition temperatures are generally high in 
oxide systems, e.g. Roberts and Wheeler^^^^^ observed 
appreciable grain boundary diffusion in sintered ZnO at 
temperatures as high as 1400*0.
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Effect of Grain Boimdaries on the Diffuisional Growth of
Oxides on Metals
C *120')Irving^ ' proposed that some of the observed rates 
in which the "reaction exponent" (n) lies between 2 and 4 , 
often associated with thick oxide films formed on metals 
such as titanium, zirconium and tantalum, could result from 
a combination of diffusion along grain boundaries and 
normal bulk diffusion in relatively thick oxide films.
The significance of grain boundary effects may be examined 
by two methods derived from the mathematical solutions of 
the equations appropriate to diffusion into a semi-infinite 
body from a planar source.
The method applicable to growing oxide films is to
determine the distance from the source at which a given
concentration level is found at successive times. Eor
1bulk diffusion the distance is proportional to t^, but for 
grain boundary diffusion the function is t^'^ (1 2 1 ,1 2 2 )^
In order to appreciate the intermediate kinetics in 
which grain boundary diffusion is playing some part, but is 
not completely dominant, the following parameter was 
proposed and evaluated^
B = D' 8 1  (24)D 2 Dt
where D' = the diffusion coefficient in the grain boundary 
of width S; D = coefficient of bulk diffusion; t = time.
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This parameter may he regarded as a measure of the 
relative significance of grain boundary diffusion to bulk 
diffusion.
(a) If B <0.1, grain boundary diffusion is negligible and
JLt^ law applies.
(b) IfJhen B > 10, grain boundary effects are dominant and
1 /4the law becomes t ' .
(c) From published results^^^^\ it was demonstrated that 
the exponent of t decreases smoothly from to 1/4 as 
B increases fromO.1 to 1 0 , and that values close to 
1/5 correspond to values of B between about 1 and 5*
2.6. Oxidation Mechanisms
2.6.1. Growth Laws
Study of oxidation isotherms at constant temperature 
and pressure did reveal that most of these isotherms 
acquire a simple nature, e.g. logarithmic and cubic for
thin films; for normal scales, parabolic and linear
oxidation rates predominate.
Oxides may be sub-divided into ;
(a) Thin films; formed mainly at low temperatures: and
during the veiy early stages at intermediate 
temperatures.
-50-
•ÇoV'l'Vl^cl(b) Scales; f mainly at intermediate and high temper­
atures.
2.6.1. Thin Films
For the former a number of theories exist* The 
best known is the one based on the Hott-Hauffe-Ilschner 
mechanism.
The theory generally assumes the existence of a strong 
electric field across a thin film. This strong electric 
field formed would be mainly responsible for pulling the 
ions through the :^ felm. A survey of thin film mechanisms 
is given by Fubaschewski and H o p k i n s a n d  Hauffe^^^). 
Greater emphasis would be placed here on scales because of 
their prevalence at high temperature oxidation.
2.6.5• Scales
In the Wagner model for the oxidation of pure metals 
the scale is assumed to be either a semi-conductor or an 
ionic conductor, so the concentration of mobile defects, 
both lattice and electronic, is fairly small. The space 
charge regions at the metal/oxide interface and the oxide/ 
oxygen interface are assumed to be small in thickness as 
compared to the overall scale thickness. The bulk of the
scale is therefore electrically neutral. The rate
controlling step is assumed to be the transport of material
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from one side of the scale to the other.
If the electrical defects are slow in comparison 
with the lattice defects, the scale is an ionic conductor; 
if the lattice defects are slow the scale is a semi­
conductor. All interface reactions are assumed to proceed 
rapidly.
The various types of semi-conductors have already been 
discussed in the section on electrical properties of oxides. 
However, since oxidation is mainly associated with the 
diffusion of lattice defects, in cations or anions, 
emphasis in this section will be placed on these.
2.6.4. n-type Scales
The excess electronic defect is an electron in the 
conduction band, so excess lattice defects must have a 
positive charge, either an interstitial metal atom 
or an oxygen vacancy •
(a) Interstitial metal atom: e.g. ZnO. Zn atoms enter
the scale interstitially at the metal/oxide interface
Zn/metal -> Zn^^ + ne    (25)
’SSUid diffuse to the oxide/oxygen interface
- >    (2 6 )
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Electrons move in the same direction as cations; 
the charge gradient built up, due to movement of 
electrons, tends to slow up the electrons, yet speed 
up the movement of ions, eventually reaching a 
steady state balance^
At the oxide/oxygen interface, interstitial 
zinc reacts with oxygen as follows -
+ fOg + ne -> ZnO ..... (27)
The scale will therefore be formed at the oxide/oxygen 
interface, provided that the reaction pressure is
appreciably greater than the equilibrium pressure for
the reaction. Consequently, the defect gradient 
across the oxide is almost independent of pressure, 
as confirmed by some experimental results.
The application of the law of mass action to 
the defect concentration in the oxide gives -
1 ^ = constant . ..t... (28)
on the addition of an element of valency (x)
”®/metal Me^Voxide + xe ....  (29)
Associated with each scale cation site there are two 
electron sites available in the valence band of the 
oxide. If x]^ . 2, the remainder will enter the 
conduction band, increasing the concentration of
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electrons. So long as the solution is sufficiently 
dilute, the equilibrium constant (K^) will be 
unaffected, and the overall effect of adding the alloy 
would be to diminish the concentration of interstitial 
Zn atoms, and hence the rate of oxidation.
Conversely, on addition of lower valency than 2 will 
increase the oxidation rate^^^, e.g* effect of 
s i l i c o n a n d  a l u m i n i u m ^ o n  oxidation of zinc.
(b) Anion Vacancy
Both the scale forming reaction and the defect 
injecting reaction takes place at the metal/oxide 
interface, e.g. titanium,
31/metal > TiOg + 20^"a + 4e   (30)
The defects diffuse to the oxide/oxygen interface and 
are eliminated.
o2“ o  m/gx ->  ox /^   ,(3-1)
°^~°/ox/o + + 2e ->   (32)
The concentration of anion vacancies at the oxide/oxygen 
interface is very small, provided that the oxygen 
pressure exceeds the equilibrium^pressure, and so the 
oxidation rate is independent of pressure.
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The law of mass action takes the form below -
Q  j ej^ = constant ....... (5 3 )
If the effect of a donor-impurity is to increase the 
concentration of electrons in the conduction band, it 
will decrease the concentration of defects at the 
oxide/metal interface, and hence the rate of 
oxidation. Unfortunately, this does not seem to be 
so experimentally. The addition of Al^^ has very 
little effect on the rate, while also has little 
effect unless introduced into rutile via the vapour 
phase where the oxidation rate is reduced
significantly.
2.6.5. p-type Scales
The excess electronic defect is a hole in the 
conduction band, so the excess lattice defect must have a 
negative charge; either a cation vacancy Me^'^o or an 
oxygen interstitial 0^“i.
(a) Cation Vacancy
Here the scale forming reaction and the defect 
injecting reaction both take place at the oxide/ 
oxygen interface, e.g. CUO2
402 -i- OUgO + 2Cu'^a/ox/o   (34)
The cation defect diffuses across the scale and is 
eliminated at the metal/oxide interface.
/ox/o "" /m/ox 35)
C»u " /m/ox + Cu/metal + © — Ou./m/ox (36)
The equilibrium concentration of defects is at the 
metal/oxide interface and the excess at the oxide/ 
oxygen interface; it follows therefore that the 
reaction rate is pressure dependent. Applying the 
law of mass action to equation
fcu’^ oj [e j = constant X pog"^ '^  ^ ....... (5 7 )
and since electrical neutrality requires [Ou'^ q] = jp] 
if follows that
jcu"** o j - constant X pOg^^^   ..... (38)
The reaction rate should be proportional to the (1/8)
of the oxygen pressure, which is in close agreement 
with experimental results.
Lower valency cations would contribute fewer 
electrons and thereby increase the concentration of 
holes, decreasing the vacancy concentration and hence 
the rate. Higher valency cations, on the other hand, 
reduce the hole concentration and increase the rate. 
For substitutional anions the situation is reversed, 
and higher valency anions, e.g. reduce the
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oxidation rate^^)
(b) Interstitial Oxygen
There are no clear-cut examples of semi­
conducting scales which contain interstitial oxygen ' 
o x y g e n ^ A  possible sequence of reaction is given 
by Stringer^^^o The defects are injected at the 
oxide/oxygen interface.
iOg - 0 ^"/ox/o   (59)
and diffuse to the metal/oxide interface,
0 /ox/o 6 /m/ox ...»©♦• (40 )
The reaction at the metal/oxide interface
yMe/m + + nZe -♦ Me^Og .....  (41)
The reaction would depend on the partial pressure of
oxygen as follows,
j“on-j j^0^n _ constant X po^ ....... (42)
also,
[o ^ “ ]  =■ a [ e ]    (43)
1^ 0^ “ J = constant X 2(n+1) (4 4 )
This reduces to Sievert's expression of
1Concentration = constant X If oxygen is non­
ionised.
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Higher valency cations would decrease and thus 
increase and therefore the oxidation rate,
2.6,5. Ionic Conducting Scales
These are sub-divided into :
(a) Anionic A fuller account of these scales
(b) Cationic is given by (3)> (8 ) and (61).
Limitations
The above-mentioned models apply to pure metals and 
dilute solid solution(up to 2-3% of alloying element), and 
according to Kubasohewski^^^ considerable amount of 
agreement is found between theory and practice, except, for 
example, niobium and tantalum, which show considerable 
deviation from predicted kinetics by the Wagner-Hauffe 
model,
2.7# , The Oxidation of Alloys
2,7.1* Conditions for Oxidation Resistance
In the previous theoretical models, Wagner attempted a 
theoretical interpretation of experimental results with a 
limited degree of success. In producing oxidation 
resistance, the object of both theory and experiment is 
directed towards the addition of an alloying element which 
tends to form its own oxide in preference to that of the
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base metal.
(According to Stringer^, the nature of the oxide of 
the element must be viewed in relevance to the
following conditions ;
(a) The #cale must be imrermeabl#the base metali 
otherwise from the depleted region of the alloy 
immediately adjacent to the metal/scale interface, base 
metal would subsequently diffuse through the alloy 
scale layer, and form its own oxide on the alloy scale/ 
gas interface. The protective value in this case 
would probably be small.
(b) The scale must be impermeable to oxygen: Price and
Thomas^ suggested that the low mobility in both 
lattices implied by the above statements would require 
low electrical conductivity of the alloy oxide.
However, according to Stringer^"ttet since 
electrical conductivity reflects the behaviour of the 
electrical defects, whereas oxidation resistance relates 
to lattice defects, a low conductivity may imply a 
large energy gap between conduction and valency band, 
and as the formation of lattice defects generally 
involves an ionization, the existence of a large gap 
probably implies a large energy of formation of lattice 
defects. It would seem therefore that the energy gap
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is a better measure of the likely value of a given oxide 
than the conductivity, which also contains a mobility 
term". Another important factor is the relative 
thermodynamic stability of the alloy oxide, as 
compared to that of the base metal oxide.
(c) The scale must form a continuous adherent layer: the
above statement would imply preferential nucléation 
and growth of the oxide of the alloying element before 
that of the base metal, and once a continuous layer of 
alloy oxide is formed, the nucléation of base metal 
oxide becomes difficult (because the oxygen activity at 
the metal/alloy-oxide interface is equal to the 
dissociation pressure of the alloy oxide).
It is possible to achieve this by lowering the 
oxygen partial pressure until the base metal oxide is 
unstable. The alloy oxide, therefore, will form a 
continuous oxide layer. Various theoretical models have 
been derived by W a g n e r ^ i n  which the critical 
condition for nucléation and formation of .a continuous 
alloy oxide layer were determined.
(d) The scale must be adherent: scale adherence is still
not fully understood, as shown earlier in section 2 .3 .
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2.7.2. The Hature of Protective Oxides
One of the disadvantages associated with the use of a 
pure oxide as a protective layer, is the poor self-healing 
properties in the event of mechanical failure of the protective 
film, due to the depletion of the allouring element in the 
matrix at the oxide/metal interface. This led to the 
development of compound oxides, often spinels, formed on a 
number of alloy systems, e.g. FeO. OrgO^, NiO* Or^O^, formed 
on Fe-Cr and Fe-Hi-Cr alloys respectively. Some of these 
spinels are due to reaction at high temperatures between Or^O^ 
and the base metal^^\ However, the overall protectiveness 
is much superior to that of the base metal oxide. Compound 
niobium oxides of the form (gHbgO^.TiOg) have been reported in 
(Fb-15at.%Ti) alloys by Klopp et al^^^^ as primary oxidatiop 
product.
The development of compound oxides in other alloys 
systems may involve large amounts of alloying, e.g. zirconium, 
which normally lowers the oxidation resistance of niobium when 
added in small amounts, while additions of 40%. zirconium or 
more, result in the formation of (HbgO^. 6ZrOg)(^7) with 
considerable improvement in oxidation resistance.
Mayo et al^^^^ studied the properties of a number of 
niobates, CrNbO^, HbgNiO^ and ZrOg-HbgO^ (solid solution).
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TABLE II
Vol. per No. of atoms/molecule molecule
(A°)5 Metal Oxygen
A typical spinel structure
MeO.MtgO* 70 3 4
OrNbO^ 63 2 4
To estimate the extent to which it might hinder diffusion, 
a comparison was made with a spinel structure. From Table II 
the structure seemed reasonably promising as a diffusion 
barrier. On all the three criteria of thermal expansion, 
volume ratio (2.1 for NbCrO^) and structure, they concluded 
that there should be some prospect of a useful degree of self­
protection in a 50-50 atomic % Cr-Nb alloy, the theoretical 
parent of NbCrO^. This was confirmed by experiments. Other 
reported compoundloxides on Fb-Al coatings are FbAlO^^^^^ 
and on Fb-Zr coatings, NbgO^.GZrO^^^^^.
2.7*5# Delaying Rate Transition by Alloying
For example, the transition from a parabolic to a linear 
rate is often associated with the fracture of an initially 
protective adherent and continuous scale. If the time to 
transition is t^, corresponding to the formation of a scale of 
critical thickness x^, then according to S t r i n g e r ^ t ^  
may be increased either by slowing the grot^ Tth rate, or by 
increasing x^, or both.
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On considering the "paralinear process", in which the 
initial growth process, a Wagner-type diffusion-controlled 
reaction with a parabolic rate law, is followed by a trans­
ition rate to a process for which the rate law is linear.
%  = 52 = / & \ ^  = M    (45)\*a)
increasing or decreasing not only increases t^, but also 
decreases K • Thus, a reduction in the parabolic rate 
constant may be achieved by a Wagner Hauffe method in 
alloying, etc.
On the other hand, an increase in critical scale thick­
ness X may be achieved, either by
(1) Increasing the fracture strength of the scale or the 
metal/scale interface, or
(2) Decreasing the elastic strain associated with the 
interface.
The second method implies either decreasing the amount of 
misfit to be accommodated at the interface, or moving the 
misfit dislocations out of the interface by making the scale 
more plastic, or increasing the ability of misfit dislocations 
to climb^^). Smith^^^^ proposed that, in the case of NbgO^, 
which has a very high Pilling Bedworth ratio of 2*68 and is an 
oxygen vacancy n-type semi-conductor, adding lower valency 
cations would increase the concentration of anion vacancies 
and so contract the lattice, thus reducing the volurae ratio 
of the oxide without involving partition difficulties at the 
metal/oxide interface*
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2.7.4. Alteration in Relative Oxide Stability produced by 
Alloying Elements
According to S t r i n g e r ^ i n  the high temperature 
oxidation of titanium, TiOg (rutile) only is detectable, 
although TiO and Ti^O^ should also oe present according to the 
phase diagramo The reason for this is that the presence of 
the metal/oxide interface may modify the free energy relation­
ship, For example, if the boundary between Ti and TiOo has 
a lower energy than Ti/TiO or Ti^O^/TiOg, the former will bq 
o-ormed and the lower oxides will be suppressed. Levinstein 
and Wlodek^^^) suggested that the beneficial effect of 
vanadium on the oxidation resistance of niobium was due to its 
increasing the stability of the lower oxides NbO and NbOg, 
relative to NbgO^. The lower oxides have lower volume ratios 
and thus might well be more protective. In any case, their 
interpolation between the metal and the Nb^O^ would make the 
volume change more gradual,
2.8, _ Niobium
T^__Effect_ of Oi^en on the Physical and Mechanical 
Properties of Niobium
Oxygen has a significant effect on the physical, chemical
and mechanical properties of niobium. It increases hardness
(Figs, 2 and 3), while decreasing toughness and plasticity, and 
may cause brittleness.
Nb-"0 alloys were investigated by Brauer^^^\ Gybold^G^) 
and Elliott^ \ The Nb- 0 phase diagram constructed'from the 
above results is given in Fig.1 .
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The following phases have been established :
(a) a-solid solution of oxygen in Fb.
(b) FbOo .
(c) FbOgë
(d) FbgO^i
The activation energy for the diffusion of oxygen in Fb 
= 26.3 K.cals per mole (average value)^^^\ and the action 
constant in the diffusion equation D = = .Ol^/sec.^^^^,
Oxygen dissolves in Fb interstitially, and occupies the 
octahedral hole of the niobium lattice. The diameter of the 
hole, 1.77A and volume of hole = Since the ionicg O AOTlradius of 0 ”" = 1.36A, an oxygen atem in an octahedral hole in 
niobium lattice should cause considerable deformation of the 
lattice, and therefore strengthen the structure.
2,8.2. Properties of Fiobium Oxides
The following oxides have been reported by different 
investigators : FbgO, FbO, Fb^O^, FbOg and FbgO^. A list of
their crystal structures and general properties is given by 
Prokoshkin and Vasileva^^^^. FbO has a defective (FaCl) 
type structure, with an ordered distribution of vacancies on 
25% of lattice sites. According to Estulin and Barova^^^^^, 
FbO is stable when there is an excess of metal.ions in the 
lattice, and that higher valency ions decrease the rate of 
diffusion in the oxide.
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FbO2 bas a narrow homogeneity range, i.e. FbO^
FbOg Qg. According to Wert and Zener^^®\ FbO^ is a semi­
conductor (present opinion is that FbOg is an oxygen excess 
semi-conductor^^; it undergoes a phase transformation at 
1040°K, the heat of transformation being ?00 cal/mole.
FbgO^, according to a recent survey by Gruehn and 
S c h a f f e r ^ s h o w s  a large degree of deviation from 
stoichiometry (FbOg - FbOg ^). The same source provides 
a list of the various complex oxides and spinels that are 
formed between FbOg ^ and oxides of other elements, e.g. alu­
minium, titanium, vanadium, molybdenum, etc., together with 
their effect on the degree of deviation from stoichiometry of 
FbgO^. A number of modifications for FbgO^ have been 
reported in the literature. Goldschmidt^reported an a 
and 3 modification, while more recently, Kofstad et 
gave the following modifications :
TABLE III
Temp# *0 rangé Structure
Kofstad Goldschmidt
50 0 - 600 6 (poorly crystalline) a
up to 9 0 0 Y monoclinic(function of time)
900 - 1100 B B1 1 0 0 - 1 2 5 0 a
> 1250 a*
However, up to date only two crystal structures seem to 
have been well-established ;
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(a) A low temperature modification (orthorhombic 
structure) a - Fb^O^.
(b) A high temperature modification with a monoclinic 
structure 3 - Fb^O^.
(70)a FbgOc at 9 0 0 3 FbgO^    (46)
at 8 3 0 °07 72) (the volume increase that 
accompanies the a-3 trans­
formation is 1 3 *5%)•
( 7%")According to Kling^'^/, FbgO^ is an n-type semi-conductor, 
whose conductivity decreases with increasing oxygen pressure. 
The relative thermodynamic stability of the various niobium 
oxides is shown in Fig.4.
2.8.3. Fiobium Oxidation
Various studies of the oxidation characteristics of 
niobium have been but the most extensive has
been that of Hurlen^*^^^ in the temperature range of 1 5 0- 
1 0 0 0 ° 0 and pressure range of 1 0~^ to 7 0 0 mm.Eg.
The oxidation of niobium over a large range of temper­
ature and oxygen pressures was represented by a single 
generalized curve, showing consecutive steps with 
varying degrees of time dependence (Fig,5).
(a) Linear I. Linear oxidation occurs up to 550°C5
according to Hurlen linear I relationship showed a square
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root dependence on pressure in the range 1 to 10 mm.Eg, 
and pressure independence at higher pressures. An 
activation energy of 14.8 K,cal/mole was reported for 
both ranges of pressure. The following reaction scheme 
for linear I oxidation has been suggested t
(1 ) Og (gas) -» Og (adsorbed)
(2 ) Og (adsorbed) 20 (chemisorbed)
(5 ) 0 (chemisorbed) 0 (dissolved)
The third step was assumed to be the rate controlling 
one, since it is the only step which may give a square 
root dependence on oxygen pressure, as according to 
8ievert*s law. The transition from pressure 
dependence to pressure independence was interpreted as 
indicating that the equilibrium concentration of chemi­
sorbed oxygen atoms on the niobium surface to have reached 
a saturation value.
(b) Parabolic I. Gulbranson and A n d r e w ^ B r i d g e s  and 
Fassell^^^), and Hurlen^*^^^ reported that parabolic I 
was almost pressure independent. Some anomoly does 
exist in the value of the activation energy reported for 
this stage)
22,8 K.cal/mole(7G)
27.4 E.cal/mole(?4)
the latter being nearer to the activation energy for the
oxygen diffusion in niobium of 26.3 K . c a l / m o l e ^ I t
is probable that this step may have been associated with
oxygen diffusion in niobium.
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The transition between parabolic I and linear II 
takes place in the temperature range of 3 7 5-5 0 0 °0 , at 
oxygen pressures from 1 to 760 mm.Eg. Hurlen observed 
that the transition takes place more readily at lower 
oxygen pressures and higher temperatures, and that the 
duration of this stage decreased as the temperature was 
increased. Some investigators associate this trans­
ition rate with the breakdown of a protective oxide 
layer. Gulbransen et reported that lines, other
than those of Fb^O^, were detected by X-ray analysis. 
Eurlen^^^), on the other hand, attributed this rate to 
the nucléation of Fb^O^.
(c) Linear II shows pressure dependence over the whole 
pressure range
r (74)
^^^11 ^ 0^2^  ^^ III “ rate constant
Considerable agreement seems to exist on the values of 
the activation energy for this step :
(i) 14.7 K.cal/mole
(ii) 13*4 K.cal/mole
(iii) 15 K.cal/mole
The actual mechanism accounting for this step, apart from 
the fact that it is associated with the formation of 
FbgO^, does not seem to be clear. The great similarity 
between linear I and linear II in absolute rate, 
pressure dependence and values of activation energy, would 
seem to suggest that the rate controlling step in the two
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processes are closely related. Further, that the rate 
is probably connected with the penetration of dissociated 
oxygen through the surface of a lattice similar to that 
of niobium^
(d) Parabolic II and Linear III do not exhibit such a clear 
dependence on oxygen pressure and temperature as was 
observed with the linear oxidation. However, theXrelationship a is obeyed to some extent. The
existence of a nearly temperature independent rate between 
500 and 600°C and temperature dependence above 600°0, have 
been reported by Hurlen^*^^^ and Gulbransen et al^*^^\
2.8.4, The Oxidation of Niobium at Low Oxygen Pressure
For better understanding of oxidation kinetics of niobium, 
reference must be made to the study of oxidation rates at low 
partial pressures of oxygen, which was carried out by Inouye^^^^ 
in the temperature range of 850-1200°0, and by Kofstad et al^^^^ 
at 1 2 0 0-1 7 0 0 °0 .
The following steps were reported by Inouye^®^^ on 
increasing the oxygen pressure from 5 x 10“^ - 1 0~^ mm.Hg.
(a) Solution of oxygen.
(b) Internal oxidation.
(c) Oxide film formation.
(d) An oxide gas reaction at the highest pressure,
(a) Solution of oxygen by niobium proceeded linearly until the
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oxygen concentration below the surface caused the 
solution rate to become parabolic* Thus, in Hurlen's 
terminology, and p^ measures oxygen solution.
(b) The second stage of oxidation commenced upon the 
precipitation of NbO at and below the surface. The 
appearance of FbO at the surface as raised oxide nodules 
permitted the nucléation and growth of FbOg over FbO.
The reaction rates for internal oxidation were linear and 
pressure dependent. (Kofstad reported that FbO tended 
to grow preferentially at grain boundaries). Thus, Ljj 
measured internal oxidation.
(c) This stage of oxidation was characterized by the 
formation of a continuous layer of FbOg. The growth of 
this oxide was as a result of diffusion of reactants 
throu^ the oxide. The initiation of the parabolic II 
rate decreased to shorter times as the pressure was 
increased and as the temperature decreased.
(d) This stage of oxidation occurred at the highest oxygen 
pressures. The initiation of this mode of oxidation was 
characterized by transition from parabolic II to linear 
III rates. The acceleration of the oxidation at this 
transition was due to the reaction of protective FbOg with 
oxygen to form non-pro tective ITb^ O^ .
The above conclusions were supported by X-ray and
metaliographic studies of oxidized specimens.
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Similar conclusions to those made by Inouye were drawn 
by Kofstad in the temperature range of 1200-1700*^0, and 
pressure range of 1 0~^ - .5 torr. (value of kinetics were 
observed to increase above 1 5 0 0 *0 , due to volatilization of 
FbgO^). Kofstad et al found that during the initial stages 
of oxidation, linear I) the observed reaction rates above 
1 2 0 0 °0 were partly limited by the transport of oxygen in the 
reaction chamber. However, they concluded that the reaction
. j.was still a (Pog)^.
The reported pressure dependence would seem to suggest 
that the adsorption of oxygen on the surface is an important 
rate limiting factor. A possible mechanism for the pressure 
dependence of the linear rate has been suggested by Kofstad.
The parabolic oxidation was associated with the 
formation of a protective layer of FbO^ (parabolic II), 
following from the conclusions of Inouye, that the parabolic 
rate reflected a Wagner type mechanism. With the rate 
determining step being diffusion of reactants through Fb0 2 , 
and in order to evaluate the diffusion process associated with 
the parabolic rate, the oxygen pressure dependence of the 
parabolic rate constant, kp, was determined by Kofstad et al.Xto be a (pQg)^* (below 1 5 0 0 *0 , because above 1 5 0 0 * 0 the 
amount of FbO that tended to form increased considerably, 
thereby interfering with the kinetics).
The above pressure dependence of the parabolic rate 
constant is too high for a structure involving oxygen 
vacancies.
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Kofstad proposed that NbO^ involves interstitial oxygen 
according to the following relationship *.
i Og(g) -* 0^^" + Z©    (47)
and that the diffusion of oxygen takes place through an
Xinterstitial mechanism, A pressure dependence of could
in principle, he obtained either if the electron holes, 0  , 
are associated with interstitial oxygen ion, or if intrinsic 
ionization of electrons from the conduction to the valency 
band (nil 0  + e”) yields an electron hole concentration
which is very much larger than that predicted by equation (47).
The above mechanism was thought to account for the 
observed pressure dependence.
AjLoriers type of mechanism was suggested for the 
NbOg - NbgO^ transformation accounting for the linear rate 
(linear III).
2,8.5. Oxidation of Niobium Alloys
Voitovich^^^) studied the effect of Ti, Al, Pe, Ni, Co, W, 
Zr and Cu on the oxidation resistance of Fb in the temperature 
range 500-900*0, The overall effect of alloying elements on 
the oxidation rate of niobium is given in Fig.7»
The following_,observations were made:
Up to 10%Ti caused a considerable decrease in the
oxidation rate of niobium. However, no significant decrease 
Wasin the rate achieved by increasing the Ti content further.
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Alloys containing Fe show a minimum rate between $0 and 
7 0% Fe. Rij Or and A1 all decrease the oxidation rate of 
Fb, while W, up to 5%» causes a slight increase in the 
oxidation rate of Fb.
Similar behaviour occurs on addition of Zr. Small 
amounts of Zr raise'^oxidation rate slightly; a maximum is 
reached at about 5%Zr. Alloys containing 30%Zr or more, 
show a considerable drop in oxidation rate (due to formation 
of complex oxides).
Additions of copper increase the oxidation rate 
considerably; a maximum is reached at about 50% copper.
The oxidation of alloys containing large amounts of 
niobium led to the formation of a two layer scale. An outer, 
light coloured layer, and an inner, thin, dark sub-layer, 
difficult to detach from the metal.
The above observations indicate that the protective 
effect of the alloying element is due primarily to its effect 
on the development of the dark sub-layer. X-ray analysis 
showed that the outer layer of the scale consisted largely of 
FbgO^. The dark, dense sub-layer has, according to some 
i n v e s t i g a t o r s ^ \  the structure of ^^2 0  ^with preferentially 
orientated lattice. Other authors^noted that the sub­
layer contained not only orientated FbgO^, but also lower 
oxides (FbOg and EbO).
From these results, it was deduced^^^^ that elements with 
smaller ionic radii (Ti, Or, Al, Fe and Co) replace the Fb ions 
within the lattice of FbgO^, leading to the decrease of the 
molecular volume of FbgO^ and to an increase in its density 
and strength.
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Tungsten, with an ionic radius close to that of niobium, 
has very little effect on the resistance to niobium to scale 
formation. Zirconium and copper, with an ionic radius 
larger than that of niobium, increase the oxidation rate of 
niobium alloys.
According to Smith^^^\ the effect of the cation size on 
dimensions of Fb^O^ lattice cannot be substantial because only 
a small percentage of the total volume of is occupied
by the cations of the alloying element, except when the 
alloying element is concentrated in the oxide.
('57')Klopp et al,^ found that after exposure to air at 
800*0, the concentration of Ti, V, Ta, ¥ and Zr in the scale 
and in the alloy core differed by only 25% or less. It was 
therefore concluded that the total volume change la 
practically negligible, A greater importance was attached by 
S m i t h t o  the effect of volume of added element on the 
stoichiometry and dimensions of the Fb^O^ lattice, due to the 
fact that alloying elements having lower valency should 
decrease the volume ratio of the Fb^O^, and therefore reduce 
cracking.
The replacement of Bb ions in the FbgOc lattice with ions 
of the alloying element affects the kinetics of the a-p trans­
formation, According to V o i t o v i c h ^ t h e  diffusion rate 
through the p-Fb^O^ modification is lower than through 
a-FbgO^, and therefore the oxidation rate of Fb is lower at 
900°C than at 800*0.
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Alloying elements which decreased the oxidation rate of 
Fb, e.g. Ti, Fe, Or and Al, were found to stabilize the 3- 
modification of FbgO^, accelerate the oc-P transformation and 
also improve the properties of the oxide film. Zr, on the 
other hand, was found to stabilize the oc-Fb^O^ modification 
and to extend the temperature range of the a-p transformatio^L^^.
All aloying elements which effectively decrease 
oxidation rate have a lower valency than Fb, but according to 
Wagner's hj^pothesis, these should increase the concentration 
of anion vacancies in the defective Fb^O^ lattice, and thus 
increase the oxidation rate. However, results obtained on 
Fb + 10% Ti alloys^^^}^^) show that the diffusion rate of 
oxygen in the alloy is much lower than in pure Fb (by a factor 
of twenty for 25 atomic % Ti^^^^). This will tend to 
reduce the rate of transfer of oxygen to the metal, and thus 
decrease the anion deficiency in the scale. The greater 
anion mobility, due to the higher anion vacancy concentration, 
may result in better sintering of oxides at high temperatures, 
and therefore lower porosity. This may counter the increase 
in oxidation rate, as predicted by theory, to some extent.
The greater mobility of anions may also facilitate 
plastic deformation of the oxide^^^^. On the other hand, 
according to Stringer^^\ since most oxidation processes are 
highly exothermic, the considerable amount of plastic 
deformation could be due to the heat evolved during the 
oxidation process. Further, as the concentration of the 
alloying element in the scale reaches the solubility limit
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of the elements in NhgO^, any subsequent increase in 
concentration should result in formation of alloying element 
of oxide in the scale, provided that their thermodynamic 
stability is higher than that of FbgO^, This result was 
obtained in alloys of Nb with Ti, Zr and_A1 and Or, which 
form highly protective refractory oxides.
A number of investigators have reported the existence of 
an inner oxide layer on alloys of niobium. Wlodek^^^^ found 
that vanadium stabilized FbO and NbOg when added in small 
.amounts (1-4%) to Fb-Al alloys (1-4%A1). The FbgOc formation 
was consequently either delayed or prevented, with a 
considerable drop in oxidation rates.
According to a survey by Smith^^^\ the best alloys are 
characterized by a dark adherent underlying scale, which is 
relatively thick, compa,red with that of pure niobium. From 
subsequent experiments, it was found that the light coloured 
outer oxide formed much later on the oxidation-resistant 
alloys than on Fb, but after a shorter period on alloys 
containing Si and Or. "The above observations suggest that 
the increased protection afforded by beg&fioial elements is 
primarily associated with their influence on the underlying 
dark adherent s c a l e S i m i l a r  conclusions were drawn by 
Voitovich^^^).
2.8.6. Physical Characteristics of Aluiainium and Fioblum^^^^
(a) Aluminium occupies the thirteenth place in the periodic 
table; its atomic weight is 2 6 .9 8 , its atomic radius is
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1.43A, and the ionic radius of = 57A, Al crystallizes
in f.c.c. lattice with lattice parameter a « 4,0414]üc. The 
density of Al is 2.7 gm/cm^; its melting point is 660.1*0 
and its boiling poin^^is 2450*0. The heat of fusion is 
2 . 6 K.cal/mole, while^heat of evaporation is 6 7 * 9 K.cal/mole.
On oxidation, Al forms Al^O^
I^Og + 2A^ Al^O^ (48)
A Hgggo = 599.1 K.cal/mole
A Gggg* = 576.77 K.cal/mole
Alumina exists in two forms
(1 ) A' low temperature form, y-AlgO^ has a spinel 
structure; cubic a « 5.95 Kx.
(2) A high temperature form, a-AlgO^, ha#ia structure 
of the corundum type; lattice parameters are :
a = 5.15A 
a = 55*6'
The transformation temperature lies between 1000 and 1 2 0 0 *0 , 
depending on the origin of the raw m a t e r i a l A l ^ O ^  melts 
at 2 0 5 0 *0 .
The Al^O^-Fb2 0^ phase diagram was investigated by 
Goldschmidt^(Fig. 8 ). Results of the X-ray investigation 
are given in Table 4.
According to Gold sch midt^the oxide AlgO^ is soluble 
in up to 1 5 molecular % in equilibrium vjith the melt.
At lower temperatures the boundary of the 3 field shifts in
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the direction of lower AlgO^ concentration. The system 
forms one compound of the composition Al2 0^-Fb2 0^ or 
FbAlO^ (designated I ^ ) .
More recently in a survey by Gruehn and Schafer^ 
a number of compounds between Fb and Al oxides were 
reported, together with the effect of alloying éléments 
on stoichiometry of FbgO^.
(b) Physical Characteristics of Fb
Niobium is the forty first element in the periodic 
table. Its atomic yeight is 92.91; its atomic radius is 
1.45A; the ionic radius of Nb^’*' is 0.66A, and its 
atomic volume is 10.80 cm^/gm.atom.
Niobium has a body centered cubic^crystal lattice 
of the type Ag, the space group is I m ^ ‘ - Oh^, z = 2 .
The lattice constant reported for ^ niobium varies 
from 5 .2941A to 3 .3004A at 18*0, depending on the 
impurities dissolved in niobium. Its density is 8.57 
gm/cm^, its melting point is 2468+ 10*0 and boiling point 
is 5 1 2 7*0 . The latent heat of fusion is ^00 cal/mole 
while the latent heat of evaporation is 166*5 K.cal/gm, 
atom.
2.8.7# Effect of Alumina on the Structure of Nb/^ O^r--I. — ..., - ■ - ■ - ■ , - - - ---f:—p
X-ray analysis of Prokoschim and 7asileva^^^\ on the 
oxidation products of alloys containing 1%A1, showed that the 
structure of the scale remained the same as that of pure Nb,
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but on an alloy containing 2%A1 the scale differed appreciably 
in its fine structure from that of p-Nb^O^, and the lattice 
parameters diminished appreciably with increasing aluminium 
content of the alloy* Since no new phases were observed in 
the scale, they concluded that the aluminium must be 
contained in solid solution with 0-(xFb“-yAl)O2 5 * ionic
radius of Al^^ (.57A) being smaller than that of Nb(*6 6A), 
aluminium compresses the lattice of the p-FbgO^ and renders 
it more symmetrical, as far as can be judged from the fine 
structure# ”
2.8.8. The Niobium-Aluminium Phase Diagram
Study of the Nb-Al system was carried out by various 
authors, Savitisky^^^^*^^?)^ Nedumov and Eabezova^^^^^
(0 to 50 wt.%Al) and Lundin and Y a m a m o t o T h e  diagram 
outlined by Savitisky has largely been verified by Lundin et al.
The overall Nb-Al phase diagram is represented in F%g#9.
The system is characterized by the intermediate phases 
Nb^Al, NbgAl and NbAl^. Two phases, Nb^Al and Nb2Al are 
formed peritectically, while the NbAl^-phase is formed 
congruently. The niobium solid solutions, Nb^Al and Nb^Al 
exist over a wide range of solid solubility. Fig.10 shows 
hardness variations with aluminium concentration for isothermally 
annealed alloys. The solubility of aluminium in niobium 
decreases from 8 wt.% at 1 9 6 0 * 0 to 5 wt.% at 1 0 0 0*0 , and 
finally to approximately 2 . 5 wt.% at room temperature. 
Considerable variations in the solubility of aluminium in
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niobiim at room temperature are shown by the results of 
various investigators, which may be attributed to -
(a) Relatively rapid cooling rates, thus suppressing 
the attainment of true equilibrium.
(b) Effect of impurity in atmosphere during preparation 
of alloys.
The lowest reported figure probably represents the best 
result.
Lundin et al. reported a form of massive transformation 
on quenching of an alloy containing 7*5 vft.%Al from the solid 
solution range to room temperature. The hardness of the 
alloy changed from 3 5 0 (for the solid solution quenched from 
1950*0) to 800 D.P.N. at room temperature. Although 
on furnace cooling to room temperature the alloy would consist 
of 3 with a hardness of 715 O.P.H,, the structure of the 
isothermally formed Bh^Al showed equiaxed grains as opposed 
to the acicular appearance of the quenched alloy.
Phase Diagram in the Aluminium-rich Region
FbAl^ is reported at 75 atomic %.&1 (46.5 wt.%Al) with no 
detectable range of solid solubility.
No detectable solubility of niobium in aluminium was 
reported.
2.8.9. Oxidation of Binary Nb-Al Alloys
Jaffee, Klopp and Sims^^^^ investigated oxidation of 
alloys containing®.2, 1 and 5 atomic %A1 (nominal) in the
.81-
temperature range of 600 to 1100*0. The actual Al content 
for the supposedly 5 atomic %A1, ivhich is equivalent to 1.51 
wt*%Al, was <C12 wt.%Al, because of severe losses during arc 
melting. Tables 55 6 and 7 give the results of the 
investigation relative to those of Fb. Samples investigated 
were about 0&1", 0.2",0.45"* No mention of a homogenization 
process was made*
The duration of oxidation experiments was 10 hours at 
600*0 and 5 hours at 800 and 1000*0. The oxidation was 
carried out in air. The oxidation rate was determined
from weight increase of samples as well as from weight loss, 
after removal of scale.
Only a slight improvement in the oxidation resistance was 
obtained at 1000*0. Miller and Oox^^^^ studied oxidation 
of binary Nb-Al alloys containing 1.5 - 20 wt,%Al. Alloys 
were prepared by arc melting and the ingots were homogenized 
at 1 7 0 0 * 0 for 20 hours. ■ The oxidation was carried out in a 
muffle furnace in a stream of air, saturated with water vapour 
at 18*0 supplied at a rate of 4 litres/min.
The oxidation experiments at 1000*0 yielded the following 
results
TABLE VIII
6.8
9.2
Prokoshkin and Vasileva^also investigated Nb-Al 
alloys. The oxidation was performed in a muffle type
Nominal composition,, wt.%Al 0 .29 1.5
Weight increase for one hour. 91 65 96mg. cm2 48 74 1 0 5
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furnace at 1000, 1100 and 1200*0. The relationships between 
weight increase and composition are given in Fig.11. The
following conclusions were drawn ;
(a) The oxidation rate of niobium is significantly- 
reduced by aluminium.
(b) Alloys containing 5-10 wt.%Al show a considerable 
improvement in oxidation resistance.
More recently, Voitovich^made a general study of 1:he 
oxidation kinetics of Nb-Al system. Alloys containing 10,
50, 50, 70 and 90 wt.%Al were prepared by arc mel'bing. 
Oxidation studies were conducted in air over a period of 10 
hours; .in the temperature range of 5 0 0 to 900*0, Figs. 12, 
15 and 14.
The following observations were made ;
(a) Alloys rich in al-uminium were hardly oxidized at 
all (Fig.15).
(b) Scale formation became more intense as the niobium 
content was increased.
(c) A sharp decrease in the rate of scale formation 
was produced by an alumini-um content of only 10% 
and the oxidation resistance increased rapidly 
with increasing aluminium content.
According to Wukusick^^*^\ aluminium-base coatings on 
niobium tended to disintegrate or spall in the temperature 
range of 760 to 870*0 in relatively short times. However, 
rapid thermal cycling through the critical range did not
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appear to be detrimental and the resistance to oxidation 
at 1375°6 was excellent. Work was carried out on :
(a) Coated specimens,
(b) Fractured pieces of FbAl^, BbpAl and Bb^Al 
compounds,
which were prepared by arc melting in argon. Additions of 
various alloying elements were made in order to inhibit 
spelling.
The following factors were thought to have been 
important in spelling :
(a) Difference in coefficients of thermal expansion 
(of oxides and intermetallic layers) cause 
cracking during thermal cycling; subsequently air 
penetrates through the cracks, causing further 
oxidation.
(b) Intermetallic layers tend to oxidise rapidly at 
temperatures of interest (in 594 to 982*C),
Approximate values for the diffusion coefficient of 
aluminium in NbAl^ coatings are :
at 1375^0 = 10"^^ cm^/sec,
at 760°0 = 10"''® cm^/seo.
Wukusick thus concluded that because of the much lower 
mobility of Al at 760*0, as compared with that at 1375*0, the 
formation of the protective FbgO^. Al^O^ + RAlgO^ oxides 
(by the reaction 2NbAl^ + 7 0^ Fb 2 0  ^+ 3Al2Û%) could not form
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at low temperatures* Of the various alloy additions 
investigated, Ti, in quantities greater than 25 atomic %, was 
found to prevent spalling. Fe and Sn were also found 
effective in smaller amounts (< 5%), while Zr, Be and Mg wepe 
found to enhance spalling. Further, it was observed that 
FbAl^ compounds containing an excess of aluminium did not 
spall, while those that were slightly deficient in aluminium 
did spall; this was attributed to the formation of C phase 
during oxidation.
Nb-Al diffusion couples were examined by Arzhany and 
Volkova and Prokoshkin^^^^. Two intermetallic layers were 
differentiated; a thin inner layer and an outer thick layer; 
the latter was found to be NbAl^ by X-ray and chemical analysis,
D = 7.18 X 10"® exji. (-6700/ET)   (49)
Diffusion through the outer intermetallic phase was 
assumed to have been rate controlling.
2,9*  ^ Internal Oxidation 
2.9*1* Definition
Internal oxidation is observed in the oxidation of dilute 
solid solution alloys composed of a relatively noble base metal 
and a small amount of a less noble alloying element.
When such an alloy is exposed to an oxidising atmosphere 
at high temperatures, particles of the alloying element oxide 
are observed to precipitate at an advancing reaction front 
within the base metal matrix. This precipitation process is 
termed internal o x i d a t i o n ^ *
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Since the original studies of internal oxidation of 
silver and copper a l l o y s c o n s i d e r a b l e  advance has 
been made in the understanding of its mechanism. More 
recently, work has centred around the study of dislocation- 
precipitate interactions and is providing considerable insight 
into the significant influence of internal oxide precipitate 
on such mechanical properties as hardness^*^^’^ ^^\ tensile 
strength and recrystallization.
According to Eapp^^-^^, internal oxidation can occur with 
or without the presence of an external scale. A condition 
also exists intermediate between these two cases.
2.9*2. Internal Oxidation in the Absence of External Scale
Formation
The process occurs by solution of atomic oxygen in the 
base metal at the external surface, in the absence of external 
scale formation, or at metal/scale interface. The dissolved 
oxygen diffuses inwards through the base metal matrix 
containing a given volume fraction of a previously precipitated 
internal oxide, to an advancing reaction front, which remains 
essentially parallel to the external surface. The inward 
diffusion of oxygen and the outward diffusion of the alloying 
element continuously provide oxygen and alloying element in 
concentrations in excess of those corresponding to the 
solubility product of the alloying element oxide in the base 
metal matrix.
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A repeated nucléation with some accompanying growth 
of particles of the alloying element oxide results, and the. 
reaction front continues to advance inward at a decreasing 
rate, which may he calculated if this simple model is assumed 
to hold^^^).
According to Rapp^^^\ the following factors are 
important for the occurrence of internal oxidation in binary 
alloys at constant oxygen pressures :
(a) The free energy of formation (per mole of oxygen) for the 
solute metal oxide in the bulk alloy must be more 
negative than the free energy of the lowest oxide of the 
base metal.
(b) The free energy for the reaction of dissolved oxygen with 
solute to form the solute metal oxide in the solvent 
lattice must be negative and to achieve the required 
activity of oxygen at the reaction front, the pure 
solvent metal must exhibit a significant solubility and 
diffusivity for atomic oxygen in the lattice at the 
temperature of oxidation.
(c) The solute metal content of the bulk alloy must be lower 
than that required to cause the transition from internal 
to external oxidation.
(d) At the start of the oxidation, a surface layer formed in 
the chemical or mechanical preparation of the alloy 
surface must not prevent the dissolution of oxygen in the 
base metal.
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A review on theoretical models of internal oxidation, 
)d
by Rapp
derive  by various authors, notably 0, Wagner, has been given 
(95)
2i9• 5  ^ Transition from Internal to External Oxidation
Internal oxidation in a given binary alloy system may be 
prevented when the less noble solute content is increased to 
exceed a critical composition, whereupon a compact protective 
layer of solute element oxide is formed at the external 
s u r f a c e ^ O n c e  formed, the protective external oxide 
layer should thicken slowly by the combination of outward 
diffusion of solute in the matrix and ionic diffusion of 
oxygen through the external scale.
W a g n e r ^ h a s  proposed that the transition from 
internal to exclusive external oxidation should occur when the 
solute content is sufficient to form a critical volume 
fraction of internal oxide precipitate at the reaction front. 
As internal oxide precipitates are formed, these impermeable 
particles locally block further reaction between the oxygen 
atoms and solute atoms, because diffusion of oxygen atoms to 
the reaction front can occur only in the channels between 
those particles which were previously precipitated. Then 
further reaction at the reaction front may occur, either by 
the sideways growth of the existing particles, which require 
a very small super-saturation, or by the nucléation of a new 
particle (which requires a high super-saturation). If
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sideways growth of the particles was maintained without 
nucléation, the particles would grow together and form a 
compact oxide layer which would prevent further internal 
oxidation.
2.9'4. Internal Oxidation in Combination with External Scale
Formation
. In the oxidation of most alloys at high temperatures, the 
internal oxide zone is formed beneath an external scale. 
Analytical solutions for the kinetics of internal oxidation, in 
combination with a parabolically thickening external scale, 
were derived by Rhines et al^^^\ and Maak^^*^\
For some other alloys, internal oxidation may occur in 
combination with an external scale which thickens according to 
a linear rate law. In this case, the internal oxidation zone 
would advance by the diffusion of oxygen through the zone, 
while at the metal/oxide interface, the metal in the zone would 
be converted to external scale at a constant rate.
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3 * INITIAL EXPERIMENTS
Originally it was anticipated that alloys were to be 
produced by sintering powders of niobium and aluminium in a 
purified argon atmosphere, using high frequency heating.
3.1. Sintering
The sintering characteristics of the following compo­
sitions were studied i
(a) 4.3%A1 (a.solid solution +3)
(b) (3 - W) 8.85%A1
(c) 14.3%A1 (a - phase)
3.1.1. Specimen Preparation
Aluminium and niobium powders were mixed in a rotary 
mill for 24 hours* They were subsequently compacted in a 
dma* die at 30 tons/sq.in., producing compacts 0.2" thick.
3.1.2. Apparatus
Originally an Edwards high temperature vacuum furnace 
(up to 1600*0 at 10"^ to 10“^ mm.Hg.) was used, but this was 
found unsatisfactory due to the high volatilization loss of 
aluminium.
Subsequently, sintering was by high frequency heating 
in a purified argon atmosphere. This was found necessary on 
two #Acounts :
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(a) Flexibility and relative ease of control; for 
example, a rapid beating rate,
(b) High temperatures required - up to 1850*0,
An optical pyrometer was used for temperature measure-
(']')ments. Fmissivity corrections were made^ , However, 
because of the change in the surface properties of the 
compacts, due to interaction between' aluminium and niobium, 
some error in temperature readings is expected.
On heating past the melting point of aluminium, molten 
droplets of the latter appeared on the surface of the 
specimen, resulting in a surface layer depleted of aluminium. 
In order to overcome this effect, a positive argon pressure, 
particularly during the initial stages of sintering, was found 
necessary. An outline of the apparatus is shown in Fig.17*
5.1.5» Argon Purification Chain
The purification chain comprised of silica gel, 
phosphorus pentoxide and molecular sieve (activated at 400*0 
in oxygen) for moisture removal and sponge titanium, .at%._ 
900*0, to remove oxygen and nitrogen. A measure of the 
atmosphere's purity was the clean metallic surface of the 
sintered specimens.
5.2. Exothermic Reaction
Liquid aluminium reacts with solid niobium to form 
BbAl^ and heat. The amount and intensity of the heat
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generated, during the reaction, depended on the aluminium, 
content of the compact and on the heating rate respectively. 
Thus, the heating rate was carefully controlled in the 
temperature range of 640 to 700*0. A certain amount of 
superheat 'Was found necessary to initiate the exothermic 
reaction, the temperature range being 680 to 700*0. Since 
FhAl^ has a density of 4.5 gm./cm^, which is lower than the 
density of the green compacts, specimens expanded when under­
going an exothermic reaction with those containing more than 
9 wt.%A1 having a high porosity (20 to 50%).
5 .3 . Sintering Studies .
In studying the sintering parameters of compacted 
powders, it is usual to measure changes in linear dimension, 
volume or density, singly or in combination, for each 
isothermal sintering treatment. From the measured changes, 
provided there are results for a sufficient range of 
temperatures and times, some fundamental parameters can be . 
calculated or obtained graphically.
5 .3 .1 . Densification Parameter
The following parameter was used for the evaluation of 
the sintering results :
Ds - Do Dm - Do
in which
Ds - Do oc t^      ( 5 0 )Dm - Do
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n is the exponent of reaction, 
t is sintering time,
Ds is sintered density,
Dm is theoretical density, and 
Do is density at zero time for 
any temperature.
The expansion associated with the exothermic reaction 
renders densification measurements difficult. The general 
procedure for assessing densification was, therefore, to 
measure the density of the compact at zero time for any 
sintering temperature, followed by measuring densification at 
temperature after a time "t" hours. Results of the 
sintering experiments are given in Figs. 19, 21 and 22, in 
which the density (Ds) is plotted versus sintering time.
5*3*2. Densification behaviour of 4*3%A1 Alloy
The interpretation of the densification curves is 
complicated by :
(1) Densification due to dissociation of FbAl^ 
compound to Bb^Al and finally to Nb^Al, depending 
on alloy composition.
Density of FbAl^ 4.5 gms/cm^
" " Nb2Al 6.8 gms/cm^
" " rrb jA l 6.97 gms/cm^
(2) Joining of particles due to surface diffusion.
(5) Grain boundary and volume diffusion.
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At the lower temperatures (<1450*C), surface diffusion 
predominates due to the relatively low activation energy 
required for the process, while grain boundary and volume 
diffusion are sluggish due to the higher activation energies 
of their processes. However, dissociation of BbAl^ may take 
place via grain boundary and volume diffusion below 1450*0, 
due to the presence of sharp concentration gradients at the 
surface of niobium particles, brought about by the formation 
of NbAl^ at their surfaces, Figs. 18 and 105.
The increase in grain boundary and volume diffusion is 
attributed to the dependence of the diffusion rate on the 
concentration gradient, as shown by Fick's second law.
Fig.19 shows that considerable densification occurred 
within the first half an hour, with little or no densification 
afterwards. It was therefore considered unnecessary to 
extend the sintering time beyond three hours.
Rapid densification occurred above 1800*0, and the 
total porosity of the specimens was less than 6%.
Initial Z-ray analysis on specimens sintered at 1300*0 
and 1400*0 revealed the presence of unreacted niobium with 
some FbgAl and Nb^Al, It was therefore deduced that the 
densification which took place within the first half an hour, 
at 1 3 0 0 and 1400*0, was largely due to the dissociation of 
the BbAl^ compound, and that little sintering took place.
On the other hand, those sintered at 1820*0 showed an 
(a + 3) structure, relatively fine and quite homogeneous.
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The above observation assumes a change in kinetics with
temperature from one of chemical dissociation of NbAl^ —
BbgAl — Nb^Al at relatively low temperatures, to a reaction
which involves not only compound dissociation but also
homogenization via grain boundary and volume diffusion.
This was confirmed by the sharp change shown in Fig.20, in
which log Ds - Do is plotted vs. 1    atDm - Do âlbsoïute temperatureabout 1 5 5 0 *0 . In fact, X-ray analysis of specimens heat
treated below 1 5 0 0 * 0 showed the presence of NbgAl, while
those heat treated above 1600*0 showed mainly an oc + 3
structure.
One conclusion which may be drawn from the above is that 
below 1 5 0 0 * 0 a reaction, mainly involving compound dissoc­
iation, proceeds with some joining of particles, while above 
1600*0 compound dissociation occurs very rapidly, with 
densification being largely a sintering process. In fact, 
only those sintered above 1600*0 show continuous 
densification with time; an indication of the relatively 
rapid interdiffusion of aluminium and niobium at the higher 
temperatures.
5 .5 *5 * The Densification behaviour of Bb?Al, (Fig.21).
As can be seen, little happens until about 1640*0.
Fig.25 shows that densification via sintering begins to pre­
dominate above 1500*0. Specimens sintered at 1?10*0 showed 
approximately 12% porosity; this porosity was largely 
retained, even in those sintered at 1800*0, in the form of
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round holes.
5 .5 .4 . The Densification Pattern of
The amount of porosity formed, even at 1650 or 1700*0, 
was quite appreciable - approximately 20 to 25%. Further, 
it was not possible to reduce this porosity purely by 
sintering. The following procedure was therefore adopted.
Compacts were sintered for one hour at 1500*0._ They 
were crushed, re-compacted and re-sintered at 1660*0. This 
latter technique considerably reduced the porosity of the 
compacts. However, because of the lengthy and tedious 
procedure involved in specimen preparation, it was decided to 
embark on melting.
5 .4 . Conclusions
The following conclusions were drawn from the sintering 
results :
(a) NbAl^ forms during the exothermic reaction.
(b) Compound dissociation occurs very rapidly abôve 
1 4 5 0 to 1 5 5 0 *0 , depending on the composition
(Fige. 2 0 , 2 5 ),
(c) Interdiffusion of aluminium and niobium in these 
compounds is rather sluggish below this range.
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4. APPARATUS AND PRODUCTION OF ALLOYS
4.1. Apparatus
The apparatus used in the present study may be 
classified into 5
(a) Pressing, sintering and melting equipment,
(b) Oxidation testing equipmenté
(c) Equipment for examination and analysis of the 
oxidised specimens.
4.2. Pressing Dies
(1) A half inch diameter double acting die, made of 
high chromium steel, was used for compacting of 
aluminium and niobium powders.
(2) A special ram was used for the pressing of 
platinum leads into the AlgO^-NbgO^ compacts for 
conductivity measurement (Fig.24). Holes were 
drilled into the second plunger of a double acting 
die, so that it may accommodate platinum leads 
during preparation of compacts.
4.5. Non-consumable Arc Melting Furnace
The melting unit shoivn diagramatically in Fig.25 
consisted basically of a tungsten electrode and a water cooled 
copper hearth. The hearth contained a casting pit, 1/4" deep 
and 5" long.
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The tungsten electrode was insulated from the hearth 
hy tufnel. The electric leads were connected to a D.C. 
welding generator, and the system was provided with a sqfety 
switch (A), connected to the generator, and a switch (B) for 
increasing or decreasing the current during melting.
Electrodes were prepared by brazing a tungsten rod,
1/4" dia. and i-J" long, to a copper block, 1" in dia. and 
thick. A photograph of the apparatus is given in Fig.26.
4.4. Thermal Balance
The thermal balance consisted essentially of a vertical 
tube furnace in the hot zone of which a specimen could be • 
suspended from the arm of a special balance. It was 
designed to enable the specimen to be oxidised in an oxygen 
atmosphere at a controlled temperature.
The balance used, which had a sensitivity better than 
^.0001 gm, was an Oertling air damped model.
In order to exert some control over the rate of exit 
and to prevent back diffusion of air into the reaction tube, 
the arrangement shown in Fig.27 was devised.
The gap between A and B can be controlled, depending on 
the rate of flow used.
The furnace contained four • Qt?usilite elements of silicon 
carbide, supplied by Morgan-Orucible Go. Ltd., connected in 
series.
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The fiirnace was heavily insulated to avoid temperature 
fluctuations caused by extraneous variations♦ The reaction 
tube of recrystallized alumina was inserted within the 
furnace tube.
Temperature fluctuations indicated by the Xactrol 
controller, type 2000, were of the order of +/1*5°0. The 
temperature control system is shown in Pigé28. The rate of 
flow of argon and oxygen was controlled via a flow meter.
(A photograph of the system is shown in Fig*29).
4.5. Production of Alloys 
Techniques
Two techniques were investigated in the production of 
niobium-aluminium alloys :
(1) Non-consumable arc melting.
(2) Sintering, followed by arc melting; this was 
found suitable for alloys of high aluminium 
content.
The object of sintering in the second method was to 
initiate a reaction between aluminium and niobium, prior to 
melting, and therefore reduce subsequent volatilization loss.
4.5.2. Non-consumable .Arc Melting
Ingots weighing 40 to 50 gms were prepared in a small 
non-consumable arc melting unit. The ingots were 2 to 2-J-" 
long and 1/4" diameter*
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Because of volatilization loss in aluminixm during 
melting (aluminium boils at 1 8 6 0 while niobium melts . 
at 2440°0), it was found necessary to increase the aluminium 
content by 15% for those alloys low in aluminium, and by 20% 
for those high in aluminium.
4 .5 .5 . Preparation of Compacts
Niobium and aluminium powders were mixed in a rotary 
mill for 24 hours* and were subsequently pressed into compacts 
weighing 9 to 10 grams, using a dia* die and a pressing 
pressure of 8000 lbs.
4 .5 .4 * Argon Purification Chain
Purified argon, supplied by Air Products, of -120° dew 
point and an oxygen content of 3 parts per million, was 
passed through a purification chain of silica gel, P^O^ and 
molecular sieve followed by titanium granules maintained at
900*0.
4 .5 .5 . Vacuum
The melting chamber was evacuated, using a rotary and a 
diffusion pump, dovm to 2 microns. It was subsequently 
flushed with argon and re-evacuated; finally, it was refilled, 
so that the partial pressure of argon in the melting chamber 
was about 3 00 to 400 mm. of Hg,
-100-
4*5.6. Melting Procedure.
A small titanium button getter for Og, Ng and HgO, was 
initially melted in order to remove any impurities in the 
atmosphere. The process was continued until the button 
showed no staining after cooling.
The arc was then transferred on to the compacts to be 
melted. During melting, volatilization products of 
aluminium and niobium suboxides were evolved. The current 
was maintained at about 120 amperes and the initial stage 
was completed once bubbling from the melt had almost ceased. 
The melting chamber was subsequently cleaned and evacuated, 
as before.
During the second stage, the ingot was melted no less 
than six to seven times, to ensure homogenization. During 
this stage, the current was raised slowly to 160 or 180 
amperes, depending on the composition of melt, and the ingot 
was turned once and melted on all sides. During the later 
stages of melting, it was found necessary to reduce the 
current to a minimum and to produce a long arc, until all 
the ingot had completely solidified. This procedure was 
imperative for (3-phase and o-phase alloys, because of their 
brittleness. Alloys containing 22 and 55%A1 were sintered 
for one hour at 1100*0 in a platinum-wound furnace under 
purified argon atmosphere prior to melting. This was found 
necessary in order to obtain a reaction between aluminium 
and niobium, and therefore reduce volatilization loss during 
melting.
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4.5*7« Homogenization Treatment
All ingots were annealed at 1050*0 in silica capsules 
for 1 5 0 hours. They were subsequently furnace cooled.
The composition of the various ingots was assessed by :
(1) Ohemical analysis, for aluminium only.
(2) Optical microscopy was used to distinguish the 
various phases present.
(5) Microprobe analysis to determine degree of
homogeneity by scanning across transverse sections 
of the alloy for both aluminium and niobium.
4 .5 .8 # Ohemical Analysis
Due to the volatilization loss of aluminium during arc 
melting, preliminary experiments were conducted to estimate 
the percentage weight loss. This was found to be in the 
order to 12 to 15% of the aluminium in the alloy, for those 
low in aluminium, and up to 22 to 25% for those high in 
aluminium content. Preliminary sintering of Nb-Al compacts 
reduced the loss of aluminium, but because of increased 
contamination, it was decided to sinter only those alloys 
containing 22 and 35 icb.%Al.
In the analysis of Nb-Al alloys, only aluminium was 
determined. The method adopted was based on that given by 
Elwell and Wood^^^^^ for the determination of aluminium in 
niobium alloys. Standards having a Imown amount of niobium
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and aluminiim powders were run parallel to actual alloy 
analysis.
TABLE 9
Nominal Composition Actual Composition
2. 2.203
4.3 4.667
6.0 6.220
9.0 8*870
12.0 11.91
14.5 15.41
22.0 22.79
55.0 57.15
Preparation of Test Pieces
Fine grinding wheels were used to remove any surface 
unevenness, and any surface contamination suffered by the 
ingots during the annealing treatment.
Because of the brittleness of 0 and c-phase alloys, 
ingots were mounted in a cold setting resin in a test tube 
of 3/4" dia. They were subsequently cut into standard 
thickness by a diamond slitting wheel. The cut specimens 
were later extracted from the cold setting resin.
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(b) Specimen Surface Preparation
The specimen surfaces were ground on emery paper, on a 
rotating wheel, and finally polished with a diamond, 
polishing medium. All specimen surfaces were later cleaned, 
using organic solvents.
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5. OXIDATION TESTING iHTD EXAMINATION
5*1* . Oxidation Testing 
5*1*1. Procedure
The specimen was held, loosely, in a net of platinum 
wire, 0,005 in. dia. Before the introduction of the 
specimen into the reaction tube, the rate of flow of argon 
was increased to 2000 c.c./minute. This was necessary in 
order to prevent any back currents of air into the reaction 
tube. Once the specimen was held in position, as shown in 
Pig.27, the argon flow was reduced to 1000 c.c,/minute, and a 
period of 15 minutes to half an hour was allowed to lapse, so 
that dynamic equilibrium was be attained.
5.1.2. Temperature Measurement
The reading of thermocouple (2) was noted and thermo­
couple (3) was introduced into the hot zone, to measure the 
temperature within the vicinity of the specimen. Thermo­
couple (3) was later withdrawn and the weight of the 
specimen was noted.
The rate of argon flow was reduced to 900 c.c./minute 
and oxygen flow was controlled at 100 c.c./minute, so that 
a total gas flow of 1000 c.c./minute was maintained throughout 
the duration of the experiment.
Readings were taken at one minute intervals for the 
first 15 to 30 minutes; at five minute intervals up to the 
first hour, and finally at intervals of fifteen minutes.
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Since the duration of uhe experiment was 24 hours, readings 
were taken for the first 7 to 8 hours, and were continued the 
day after for four to five hours.
The temperature indicated by thermocouple (2) was 
registered continuously by an automatic recorder for the 
duration of the experiment, and was subsequently examined for 
any unusual temperature variation. At the completion of the 
experiment, the oxygen flow was stopped and the rate of argon 
flow was increased, and the specimen was withdrawn to the 
cooler parts of the furnace, from where it was finally 
removed.
5*1.5. Accuracy and Limitations of the Process
(1) Variations in weight measurement caused by 
buoyancy were less than 0.0001 g.
(2) Uniformity of oxidising conditions.
Examination of oxidised specimens revealed.a uniform oxide 
thickness. This was taken as a measure of the homogeneity of 
the oxidation conditions. (Both oxygen and argon were fed 
via a mixing chamber into the reaction tube).
5.2. Visual Examination
Examination of the oxides formed on the various 
specimens for their colour, physical appearance and tendency 
to crack on cooling, was carried out with the naked eye.
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Oxidised specimens were subsequently mounted in 
"Araldite" and the weight ratio of hardener to resin used 
was 1 to 5.
The specimen was suspended by a thin nickel wire and 
was immersed into the above-mentioned mixture contained in a 
test tube, which was then evacuated, using a rotary pump.
The object was to remove any air bubbles from the liquid, so 
as to obtain a good contact between "Araldite" and specimen.
After "setting", the specimen was cut on a diamond 
slitting wheel, polished on emery paper and finished on 1/4 
micron diamond paste,
5 .5 . Microscopic Examination
Examination of transverse sections of oxidised 
specimens, both etched and unetched, was carried out on a 
Bausch and Bomb microscope. Considerable use was made of 
dark field suialysis and polarized light, particularly in the 
study of oxides.
5 .4 . Micro-hardness Measurements
In order to study the developments of stress gradients 
within the contaminated zone, due to oxygen solution, micro­
hardness indentations were made across the contaminated zone 
at intervals whose length depended on :
(1) The size of indentation, i.e. hardness of the 
alloy.
-107-
(2) The thickness of the contaminated zone.
In most cases, a 50 gm. load was used, due to the small 
thickness of the zone. Further, the hardness traverse was_ 
repeated twice on every specimen, to ensure reproducibility.
The instrument was standardized prior to use on 
materials of known hardness.
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6, _ RESULTS
6.1. Oxidation
The results are presented graphically in Pigs. 50 to 55, 
in which the logarithm of weight gain in mg. is plotted 
versus the logarithm of time in minutes. Each experiment was 
repeated twice; a third run of short duration ( 1 hour) was
conducted in order to assess the type of oxides formed at the 
surface of the specimen during the early stages of oxidation. 
Tables of oxidation results are given in the appendices. In 
the survey of oxidation kinetics given in Section 
three methods of measurement that are commonly used were 
mentioned. The selection of the gravimetric method was 
based on the following points :
(a) Evaluation of oxidation characteristics of metals 
and alloys, particularly of niobium, has been 
largely based on weight gain measurements. This 
made comparison with published work easier.
(b) Methods based on measurement of film thickness 
are not desirable, due to the voluminous nature of 
niobium- oxides, together with their relatively 
large rate of growth.
(c) The volumetric method is more important for short 
oxidation studies.
In the present work assessments, not only of initial 
kinetics, but also of oxidation for relatively long times of 
up to 50 hours were to be made, in order to evaluate the
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industrial importance of the alloys studied. Further, the 
chosen method lends itself more readily to the measurement 
of both initial and long term kinetics, with a reasonable 
degree of accuracy. The considerable agreement obtained in 
replicate experiments was taken as a measure of the repro­
ducibility of the selected procedure and the reliability of 
the chosen method.
Table 10 gives the oxidation rates of the various alloys 
in the temperature range of 7 0 0 to 1500*0. These are 
important from an industrial point of view, although it must 
be admitted that they are governed to some extent by the 
length of oxidation time over which they are considered.
The latter is largely due to the complex nature of the 
oxidation kinetics of the alloys studied.
It is not possible, from these values, to assess the 
oxidation characteristics of the alloy, beyond the fact that 
they indicate a trend; for example, at a particular 
oxidation temperature, as the aluminium content is increased, 
the oxidation rate drops.
The rate of oxygen flow was 100 c.c./minute, and the 
exclusion of nitrogen was important in order to reduce the 
number of variables during oxidation.
6.1.1. Oxidation Kinetics
Interpretation of oxidation kinetics was based on the 
analysis of weight change versus time relationship obtained
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for the various alloys in the temperature range of 600 to 
1500*0.
The following relationship was used for the analysis of 
results :
= Kt................................ (5-1)
V = weight change per unit area
(gm/cm^)
K “ reaction constant
t = time, hours.
log W = 1_ log t + InZ’ ....... (5 2 )n
Log W was plotted versus log t for all the alloys studied.
The results were analysed in terms of the phases present
in the eight alloys studied :
(1) a solid solution
(2) (a + B) 4.5%A1 (continuous a-phase)
(3) (a + B) 6%A1 (continuous B-phase)
(4) (B) 9 wt.%Al
(5) (B + o) la^Al
(6) (o) 14.5%A1
(7) cf + eutectic) 22%A1
(8) (eutectic + HtAl,) 35%A1
In the comments on the graphs, explanation of the rates
exhibited at the various stages of oxidation has been given.I cThis is based on metaliographic, electron microscopy, micro­
probe analysis and hardness observations.
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6,1.2. g-solid Solution Alloy, oontaining 2 wt.%Al,
This alloy was oxidised in the temperature range of 
700 to 1100*0.
At 700*0. From Fig, 50 of log W versus log t, an 
initial linear rate associated with chemisorption and solution 
of oxygen in the metal, was followed by a long parabolic 
rate, which seemed to coincide with the formation of a black 
oxide layer of Nb0 2 composition, indicating that a diffusion 
controlled process predominated. The thickness of this 
oxide layer, calculated from weight change/surface rea, was 
found to be 5*9 % 10“^ cm. Nucléation of NbgO^ occurred 
during the later stages of the experiment, but since no 
continuous NbgO^ layer was formed, the kinetics showed no 
change ^
At 800*0. The overall oxidation rate of the alloy 
increased considerably at this temperature. Fig.51 shows an 
initial linear rate, followed by a transition rate of 
oxidation and a final linear rate* The transition rate is 
associated with the rapid nucléation of a-NbgO^ which, due ;to 
its large volume ratio, probably cracks the inner oxide scale, 
through the considerable stresses generated at nucléation • 
sites. Once a continuous layer of a-NbgO^ had been formed, 
a linear rate of oxidation ensued. Because of the non- 
protective nature of Nb^O^, oxygen diffused to the metal/ 
oxide interface via pores in the oxide layer, and the 
controlling steps therefore became the rate of oxygen solution
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in the metal and the rate of conversion of the contaminated 
metal to oxide.
At 900*0. (Fig.32). A short linear rate lasting for
five minutes was followed by a parabolic rate associated with 
an oxide layer whose calculated thickness reached 1.3 x 
10~^ cm. Once nucléation of NbgOc began, a transition rate 
appeared, followed by a linear rate, the g-NbgO^ formed on the 
inner oxide being highly crystalline and exhibiting 
preferential growth.
The appearance of a short parabolic rate at this 
temperature is due to a coherent inner oxide layer.
At 1000 and 1085°Q. (Fig.33). The faster rate of
nucléation of g-NbgO^ resulted in a transition rate whose 
duration decreased as the oxidation temperature was increased.
The following conclusions were dram î
(a) The improvement in the rate of oxidation at 700*0, 
in 2 wt.%Al alloy, as compared with unalloyed 
niobium, was due entirely to the formation of a 
thin protective oxide film mid to the suppression 
of NbgO^ formation,
(b) The stability, and therefore, duration of the 
desirable kinetics associated with the protective 
oxide layer decreased as the oxidation temperature 
was increased.
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(c) The rapid deterioration in oxidation kinetics 
observed at 800*0 and above was due to the 
nucléation of NbgO^.
6.1.3" g-solid Solution + B-W Alloy, containing 4.5 wt.%Al.
At 700*0, (Fig,34), there was a short initial linear 
rate, then a cubic rate lasting for 43 minutes, followed by a 
transition rate in which n = 1.7* The limiting thickness of 
the oxide corresponding to the initial cubic rate was 
approximately 1.8 x. 10"ï.,-.cm.
From microprobe analysis the composition of the inner 
oxide (streaks and outer oxides was found to be AlgO^ - Nb^O 
and 3AI2O? - RNbOg respectively.
It is thought that the cubic rate was associated with 
the formation of a thin film of oxide streaks. The transr 
ition rate is attributed to the preferential nucléation and 
gro%vth of NbOg on the oxide streaks, with the formation of ^  
uneven oxide layer. The latter cracked at various points 
once a critical thickness is reached.
At 800*0, (Fig.3 3 ), an initial linear rate is shown, 
followed by a transition rate. Two oxide layers were 
determined by microprobe analysis; an inner oxide layer 
growing on sub-03cides, and an outer oxide layer having the 
composition 3Nb20^, AlgO^,
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At 900*0, (Fig,36)' A parabolic rate lasted for two 
hours. This was followed by a transition rate and a final 
linear rate. The parabolic mechanism is associated with an 
inner oxide layer, high in aluminium content, and whose 
thickness reached approximately 10”  ^cm. Evidently the rate 
of oxidation was diffusion controlled through the oxide layer. 
However, once nucléation of Nbg^^ began, a transition rate, 
followed by a linear rate, ensued.
At 1000 and 1085*0, (Fig.35), an initial transition rate, 
in which n = 1.6, was followed by another rate in which n « 1.4.
An overall drop in the oxidation rate was observed for 
this alloy, as compared to the previous alloy containing 
2 wt.%Al,
6.1.4. g + P Alloy, containing 6 wt.%Al
At 700*0, (Fig,37), an initial rate, lasting for two
hours, in which n = 2.25, was followed by a transition rate
in which n = 1*35« The transition rate is attributed to the 
cracking of the outer oxide on reaching a critical thickness, 
caused by the preponderence of non-planar interface type of 
oxidation at this temperature. The thiclcness of the oxide 
film associated with the initial rate was about 1.2 x 10~^ cm.
At 800*0, (Fig.37), Specimens oxidised at this
temperature cracked during oxidation testing. The initial 
rates observed were much slower than those at 7 0 0 or 900*0.
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At 9 0 0 (Fig.38)6 An initial rate lasting for 
three hours, in which n = 4, was associated with an inner 
oxide whose thicîoiess reached 9*8 x 10""^ cm; Once nucléation 
of NbgO^ began, the rate exponent dropped to 1.5, and finally, 
when a continuous layer of NbgO^ was formed, the rate became 
linear.
At 1000 and 1085°0, (Fig.39)* The improvement in the 
oxidation kinetics from n = 1.5 at 1000*0, to n = 1.7 at 
1085°0, was due to ;
(a) Increased solubility of alumina in NbgO^, 
causing some decrease in volume ratio
(b) The tendency of oxides to sinter at the higher 
temperatures with consequent reduction in 
cracks, pores, etc.
6.1.5* Some General Observations on a and a + 3 Alloys
The effect of aluminium on initial kinetics of 
oxidation in the temperature range of ?00 to 9 0 0 *0.
At 700*0. the following trends were noted ;
(a) Gradual change from parabolic to cubic rates, 
as the aluminium content increased.
(b) Lengthening of the duration of the above- 
mentioned rates.
The change in kinetics from parabolic to that of cubic 
or near-cubic at the higher compositions was not accompanied
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by any substantial change in the thickness of the oxide layer.
^ /iThe oxide thickness decreased from 5*8 % 10 . olu. for the 
2%A1 alloy, to 1*2 x 10’“^*' cm. for the 6%A1 alloy.
However, microprobe analysis did reveal a considerable 
increase in the aluminium content of the oxide layer, as the 
aluminium content of the alloy increased from 2 to 6%.
The oype of oxide formed varied from Nb02, in the 
2%A1 alloy, to FbO for the 6%A1 alloy. This considerable 
decrease in the valence of niobium results in a reduction in 
the volume ratio from 1.84 for NbOg, to 1.35 for NbO.
(These values are slightly affected by the amount of 
aluminium present in the oxide, with subsequent drop in stress 
at the metal/oxide interface).
At 800*0. The faster nucléation of ^^20^ seemed to 
disrupt the oxidation kinetics.
At 900*0.
(i) The change in kinetics from n 2 for the 2% alloy, 
to n - 4 for the 6% alloy, could be due to the 
preponderence of grain boundary diffusion of 
oxygen in the oxides high in aluminium content.
(ii) The much longer duration of the above-mentioned 
rates is attributed to the slower diffusion in 
oxides high in aluminium and, therefore, a slower 
rate of growth of these oxides with consequent 
delay in reaching a critical thiclcness.
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At 1000 and 1085*0. The considerable change in the 
kinetics, associated with the formation of a continuous layer 
of , from a linear rate for the 2%A1 alloy, to a semi­
parabolic rate for the 6% alloy, may be attributed to :
(i) The decrease in the volume ratio of oxides high in 
aluminium; for example, the volume ratio for 
"^^ 2^ 5 about 2.66; while that for 5Nb2 0^.Al^O^ 
is about 2.1.
(ii) The beneficial effect of aluminium on the physical 
and mechanical properties of IfbgO^ .
5.1.6. 3-ohase Alloy, containing 9 wt.%Al
The alloy suffered from cracking in the temperature 
range of 750 to 950*0, Figs, 40, 41, 42 and 45.
At 1000*0. A parabolic mechanism, lasting for six 
hours, was observed to coincide with an oxide layer of 
Al20^.3Nb20^  ^composition. This was preceded by a linear 
rate associated with chemi-sorption and solution.
At 1085°0 there was a short parabolic rate, followed by 
a near parabolic rate associated with the formation of 
4Nb20^.Al20^, and at 1148*0 a short parabolic rate, followed 
by a transition rate.
An interesting aspect was the deterioration in the 
nature of kinetics, associated with 4Fb20^.Al20^, as the 
temperature was increased.
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The parabolic rates observed at 1000, 1085 and 1148*0, 
although only briefly at the last two temperatures, were 
associated with the formation of an adherent inner oxide layer.
6 .1.7 . 13 + 0 Alloy containing 12 wt.%Al (Fig.44)
This alloy cracked in the temperature range of 750 to 
1000*0.
At 1085*0 an initial linear rate was followed by a near­
parabolic rate in which n = 1.9, which lasted for six hours 
(very short parabolic rate of six minutes’ duration was 
observed in the region between the linear and near-parabolic 
rate) . The near-parabolic
relationship was associated with the formation of Al2 0 .^
RNbgOr.
6.1.8. o-ohase Alloy, containing 14.5 wt.%Al (Figs. 45 and 46)
The alloy suffered from cracking in the temperature range 
of 7 5 0 to 1 0 5 0 *0 .
At 1 1 3 4 *0 , apart from an initial linear rate, a parabolic 
rate did predominate for the duration of the experiment.
At 1205°0, a rate in which n - 2.26, lasting for two , 
hours, was followed by a transition rate. Two oxide layers 
were detected by probe microanalysis, at this temperature :
(i) 1SNbgO^ ^yl^AlgO? Inner oxide layer
(ii) ^NbgO^.ZAlgO^ Outer oxide layer
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6.1.9. (a)g + eutectic alloy, containing 22 wt.%Al (Figs'. 47,
48, 49, 50 and 51).
The alloy cracked in the temperature range of 750 to 
900*0; the product was in the form of large particles 
covered hy a thin black oxide film, whose composition could 
not be determined by microprobe analysis.
At higher temperatures, there was ;
At 1000*0, an initial linear rate, then a parabolic rate 
of an hour’s duration, and a final transition rate.
At 1085°0, an initial linear rate, then a transition 
rate of 2-^  hours’ duration, and finally a parabolic rate which 
lasted for the rest of the experiment (22 hours).
At 1205*0, a short parabolic region, followed by a 
transition rate, and finally a linear rate.
At 1300*0, a similar kinetic behaviour to that observed 
at 1 2 0 5 *0 , except for the shorter duration of the transition 
rate.
The oxidation behaviour of this alloy was complicated 
by the preferential oxidation of the sigma phase, so that at 
1000*0 oxides from G or from eutectic regions could easily be 
distinguished. However, this difference in composition 
diminished considerably at higher temperatures, to such an extend 
that at 1200 and 1300*0 the oxide became reasonably uniform.
At 1000*0, the parabolic rate was associated with the 
formation of an oxide layer of Al^O^oîD^Og composition (from 
eutectic regions).
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At 1085*0, the appearance of a transition rate was 
probably due to the tendency of the oxide to crack due to its 
non-uniform thickness across eutectic and sigma fields.
The rapid appearance of the transition rate at this temper­
ature, as compared to that at 1000*0, is attributed to the 
faster reaction rates at the higher temperatures. However, 
once a continuous layer of Al^O^.NbgO^ is formed, a parabolic 
rate ensues, which points to the protectiveness of the latter. 
Further, as the oxidation temperature is increased, the 
number of layers in the outer oxide increase, thus resulting ■ 
in the observed deviations from parabolic rates at 1200 and
I 1300*0.
6.1.9. NbAl  ^+ eutectic alloy, containing 33 wt.%Al (Figs.
52, .53,. 54 and 55).
The alloy suffered from cracking in the temperature range 
of 7 5 0 to 900*0.
Both at 800 and 900*0 an initial linear rate for oxygen 
solution was followed by a rate in which n = 3*57? indicating 
the growth of a protective oxide film. At 800*0, this was 
followed by a rapid deterioration in kinetics.
At 900*0, a number of consecutive steps were noted, 
showing a break in the kinetics. This seems to suggest that 
intermittent cracking of the specimen caused an increase in 
surface area, and therefore an increase in the oxidation rate, 
until a protective oxide was formed on the newly exposed 
/ surfaces.
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The faster rate of formation of the protective oxide 
(on the newly formed surfaces) at 9 0 0 *0 , than at 800*0, is 
thought to account for the slower deterioration in the 
oxidation rate at the higher temperature.
At 1000*0, an initial linear rate was followed by a 
transition rate which lasted for the duration of the 
experiment.
At 1085*0, an initial linear rate was followed by a 
trans iti on rat e•
At 1205*0; a parabolic rate, which lasted for 1-J hours, 
was followed by a linear rate with a very short transition 
rate in between.
At 1300*0, a linear rate, then a short parabolic rate, 
lasting for 10 minutes, was followed by a transition rate, 
and finally by a linear rate, after approximately two hours.
At 1000*0, the eutectic was the only phase that 
suffered from internal contamination. Further, whole grains 
of NbAl^ were carried into the oxide, surrounded by an oxide 
film too thin to be analysed by the microprobe. Thus, the 
oxidation rate at this temperature was largely that of the 
eutectic phase. The appearance of transition rate is due to 
the differing rates of oxidation of the eutectic and FbAl^ 
phases, resulting in oxides different in thickness and 
composition (as shoTO by microprobe analysis). Further,the 
composition of the outer layers of the oxides formed on the
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euteotic and NbAl^ phases, after long oxidation tests, did not 
differ greatly. However, only at high te peratures - 1200 
and 1300*0 - did the oxides formed on the eutectic and NbAl^ 
phases become uniform in composition^
The complicated behaviour of this alloy at 1200 and 
1300*0 was due partly to the dissociation of the HbAl^ phase 
and to its contamination, and partly to the preferential 
oxidation of the eutectic phase. The thick oxide of the 
eutectic phase tends to spread over the oxide of the inter- 
metallic phase, thus giving the uniformity of oxide composition. 
Microscopic examination showed the oxide to have penetrated 
deeper into the eutectic regions, resulting in an irregular 
oxidation interface. This unevenness in oxide thickness and 
penetration is thought to have caused the rapid deterioration 
in kinetics from parabolic to linear at 1200*0 and above.
6.2. INTERNAL OXIDATION
Most, if not all, of the alloys studied suffered from 
internal oxidation at intermediate and high temperatures.
Study of the mechanical properties of the contaminated 
zone was carried out using a G.K.N. micro-hardness indentor.
The effect of oxygen on the mechanical properties of niobium 
and its alloys was investigated by Klopp, Jaffee and Sims^^^\ 
Fig» 2 shows the variation of hardness with oxygen concentration 
for unalloyed niobium. Hardness criteria have often been
^ 2 3 -
used to determine oxygen penetration, and therefore oxygen 
diffusion^ .
The anomally of cracking observed in the 3 and a phase 
alloys was attributed to the development of considerable 
stress gradients within the contaminated zone, as a result of 
the expansion of the matrix due to the solution of oxygen, and 
consequent precipitation reactions; the latter were 
confirmed by electron microscopy.
It should however be observed that all the hardness 
measurements were carried out at room temperature; it is 
possible, therefore, that some of the hardness gradients 
noted could have resulted from the decrease in oxygen 
solubility during cooling.
6.2.1. Hardness Variation across Contaminated Zone
Micro“hardness traverses were made on transverse sections 
of the unreacted portion of the specimen, to measure the depth 
to which contamination by oxygen penetration took place 
during oxidation testing. Data for hardness versus depth of 
contamination were plotted for each alloy and temperature.
The hardness of the various alloys, before oxidation, are 
given in Table 11.
6.2.2. Solid Solution Alloy containing 2 wt.%Al
Tig.36 shows two clearly defined regions. The first
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region is due to saturation with oxygen; the increase in 
hardness near the end of this zone is probably an ageing 
effect. The second region, characterized by higher hardness.; 
due to higher oxygen concentrations, is a two-phase region of 
solid solution and sub-oxide precipitation.
At 800°C, (Fig. 37)' A similar pattern is shown to 
that observed at 7 0 0 °0 , except for the higher hardness levels 
and more extensive oxygen penetration.
At 1083°0, (Fig.38). Complete oxygen penetration ie
indicated. The lower hardness level, near the end of the 
contaminated zone, is due to a coarser precipitate at this 
temperature, thereby reducing its dispersion hardening effect.
6 .2 .3 . g-solid Solution + p (W)
(1) Alloy containing 4-.5%Al.
(2) Alloy containing 6 .096AI.
(1) (Fig,39). The considerable scatter in hardness values in 
the vicinity of the diffusion front is attributed to ;
(a) the differences in hardness between the a 
and P phases.
(b) the effect of oxygen on the two different 
phases, resulting in solid solution hardening.
At 900°0, (Fig.60). A similar behaviour to that
observed at 800*0 was noted, except for the higher
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hardness values, due probably to a more extensive oxygen 
solution and precipitation processes.
At 1085*0, (Fig.61). Two regions are clearly defined 
in which both a and B phases seem to have dissociated.
In the first region, complete dissociation of the B-phase 
was confirmed by both the drop in hardness values and by 
electron microscopy. Microprobe analysis revealed the 
formation of Fb-Al-0 solid solution and Al^O^ precipitate.
Regions that were originally a and B show different 
hardness patterns; the higher hardness of the originally 
B fields is due to the greater amount of precipitation 
caused by the higher initial aluminium content of the B 
regions.
Microprobe analysis showed that the aluminium 
concentration Increased towards the metal/oxide interface; 
it was therefore concluded that the higher hardness levels 
observed in the second region were due to the greater 
density of precipitated particles, the latter being 
confirmed by dark field allumination technique on the 
electron microscope. The diffusion of aluminium to the 
grain boundaries was a result of B phase dissociation, 
formation of a ’ solid solution of Al-Rb-0 and an Al2 ^ 3  
precipitate,
(2) In the alloy containing 6 wt*%Al, B was the continuous 
phaseÇ while in that containing 4.5 wt.%Al, the a phase 
was the continuous phase. Since oxygen diffuses much more
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rapidly in the a than in the B phase; lower oxygen 
concentrations and considerably diminished contamination 
would be anticipated for alloys rich in B*
At 800*0, (Fig.62). A very sharp increase in hardnesf 
across the contaminâted zone is shown, caused by oxygen 
solid solution hardening. The cracking of the alloy at 
this temperature is thought to have been caused by the 
expansion of the B phase due to oxygen solution. Since 
grain boundary diffusion predominates at low and inter­
mediate temperatures, the formation of these stressed 
regions around the grain boundaries caused splitting of 
the grains, and therefore the observed cracking phenomena
At 900*0, (Fig.63). A considerable drop in hardness 
gradient was observed at this temperature, as compared 
with that at 800*0, together with the appearance of an 
initial solid solution hardening stage, followed by a 
subsequent precipitation stage.
At 1000*0, (Fig.64). The beginning of dissociation
of the B phase is indicated by the drop in hardness to 
below that of the unoxidised matrix. The increase in 
hardness towards the end of the contaminated zone was due 
to increased density of precipitation.
At 1085*0, (Fig.65). Oomplete dissociation of the *3 
phase was confirmed by electron microscopy. Microprobe 
analysis revealed an increase in aluminium concentration 
towards the outside of the contaminated zone. This
-127-
explains the greater density of precipitation as 
observed by electron microscopy, and therefore the 
considerable increase in hardness, due to 
a more effective dispersion hardening.
6.2.4. Alloy containing 9 wt.%Al, 3 phase.
The alloy cracked in the temperature range of 800 to
950*0.
The hardness pattern, Fig.66, shows a very sharp hardness 
gradient. However, microprobe analysis did show some slight 
build-up in aluminium near the end of the contaminated zone.
An initial solution stage, followed by a second step, 
characterized by ageing, would seem probable, although the 
latter step could haye resulted from decrease in oxygen 
solubility on cooling. Microscopic examination of cracked 
specimens revealed the presence of the contaminated zone at 
the grain boundaries.
From microprobe analysis the contaminated zone was 
found to have the following composition per unit cell,
5Hb + Al + ROg. The presence of oxygen in solution should 
result in considerable expansion of the lattice because of its 
relatively large atomic radius. Also, oxygen may exist in 
a partially ionized form. The effect of oxygen would seem to
(a) Render the 3 phase brittle and therefore lower the 
bond strength between the grains, and
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(b) cause expansion of the B* phase and therefore help 
separation at grain boundaries.
There was no evidence of oxide presence at grain 
boundaries#
The above reasoning was further supported by oxidation 
tests of approximately 2 to 3 hours* duration, whereby the 
entire specimen transformed into a powder.
A similar pattern of behaviour was shown by specimens 
oxidised at 9 0 0 *0 .
At 1000*0, (Fig.67)- The drop in hardness to below
that of the uncontaminated matrix indicated dissociation of 
the 3 phase# Electron microscopy confirmed this. The 
increase in hardness near the oxide/metal interface was duo to 
greater density of particle precipitation#
At 1148*0, (Fig,68). Oomplete dissociation of the 3
phase seems to have taken place, with the formation of large 
oxide particles relatively rich in aluminium#
6,2.5# Alloys containing 12 wt./^ Al, 3 + o.
The alloy suffered from cracking in the temperature 
range of 7 5 0 to 1000*0.
At 800 and 900*0. Owing to the short duration of the 
experiment, decided by the rapid cracking of the specimen, the 
thickness of the contaminated zone was too small to allow
-129-
ac our ate microhardness indentations to be made#
At 1000*0, (Fig,69). Little dissociation of the p and 
cf phases seemed to have occurred, the effect being largely 
one of solid solution hardening with some precipitation on 
subsequent cooling.
At 1085*0, (Fig,7 0 ). There was a considerable decrease 
in hardness gradient, together with the dissociation of the P 
and o phases, the latter indicated by
(a) Hardness drop to below that of the uncontaminated 
metal, and
(b) Electron microscopy, showing particle precipi­
tation.
All specimens that suffered from cracking were 
characterized by the presence of contaminated zones at the 
grain boundaries#
6.2,6. Alloy containing 14.5 wt#%Al, a phase
The alloy suffered from cracking in the temperature range 
of 7 5 0 to 1085*0, Due to the very small thickness of the 
contaminated zone at 800*0, and because of the unavailability 
of a Khoop indentor, it was not possible to obtain sufficient 
indentations across the contaminated zone, to ascertain the 
nature of the hardness gradient.
At 9 0 0 *0 , (Fig.7 1 ). There was a sharp increase in 
hardness across a very thin contaminated layer, resulting in
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the highest gradient observed so far (Pig.113). The hardness 
gradient is attributed to ;
(a) oxygen solution hardening,
(b) some ageing on subsequent cooling to room 
temperature.
At 1000*0, (Pig.71). A similar hardness pattern was
noted to that observed at 900*0, except for a slight drop in 
hardness magnitude and a decrease in hardness gradient.
At 1 1 3 0 *0 , (Pig.7 2 ). The a-phase seems to have
dissociated completely with consequent drop in hardness levels* 
The contaminated zone was characterized by a considerable 
amount of relatively coarse particles.
At 1200*0, (Pig.75)• A clear oxide precipitate within 
the contaminated zone was easily resolved at x 1 5 0 0 (optical 
microscopy).
Prom the hardness pattern, these zones can be differ­
entiated Î
(1) A region in which the sigma phase has dissociated; 
the hardness increase towards the end of the zone 
is due to oxygen solution.
(2) A second adjoining area where particle 
precipitation has occurred; the density per unit 
area increased with increasing oxygen concen­
tration towards the metal/oxide interface.
^ 3 1
(5) A third layer, near the surface, where there 
has been no increase in hardness due to 
coarsening of particles#
6 .2 .7 .(a) Alloy containing 22 wt.%Al a + eutectic
The alloy cracked in the temperature range of 750*0 to
950*0.
Both eutectic and sigma phase regions behaved differently 
before and after oxygen solution. Hardness indentations were 
made separately into sigma and eutectic regions, in order to 
determine the effect of oxygen solution. Oxygen was found 
to dissolve and diffuse preferentially through the o regions, 
the effect becoming more pronounced at 1200 and 1 3 0 0 *0 .
Hardness profiles through sigma and eutectic regions 
are given in Pigs. 7^ and 75*
The overall decrease in the tendency for the alloy to 
crack is attributed to the considerable reduction in oxygen 
diffusion, which limits oxygen penetration into the matrix 
and causes a drop in oxygen concentration, which subsequently 
reduces the total expansion of the contaminated metal. : 
Further, the higher aluminium content of the alloy resulted 
in the formation of a protective oxide at 1000*0 and above, 
thereby limiting oxygen penetration into the matrix. The 
latter was confirmed, to some extent, by the small increase in 
depth of oxygen penetration into the matrix as the oxidation 
temperature was raised from 1000*0 to 1 3 0 0 *0 .
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6.2.7* (b) Alloy containing 35 eutectic + HbAl?
The alloy cracked in the temperature range of 750 to 
920*0. Oxygen was found to dissolve in the FbAl^ phase at 
800 and 9 0 0 *0 , yet at 1000*0 and above, no contamination of the 
NbAl^ was detected. The effect of oxygen contamination on 
the hardness of the eutectic regions is shorn in Pig.76.
Pig.77 shows hardness traverse through thé contaminated 
RbAl^ phase oxidised at 900*0. The hardness gradient was 
much lower than that observed in the sigma phase. The actual 
cracking of the EbAl^ phase at 800 and 9 0 0 * 0 is attributed to 
the effect of the dissolved oxygen on its mechanical properties 
and its volume expansion.
The lack of formation of a protective oxide layer, in 
the cracking temperature range, was brought about by the 
relative stability of the BbAl^ phase at intermediate 
temperatures, resulting in low activity of aliminium. The 
low diffusion coefficient for aluminium in the compound, 
particularly in the presence of oxygen as shown by Wukusik^^*^\ 
hinders the formation of a protective oxide layer.
6.2.8, Contamination Studies
The hardness penetration data was first evaluated by 
assuming that the maximum, depth of contamination varied with 
the square root of time, so that a contamination rate constant 
could be evaluated.
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S^/t “ K* Do - (K)^ constant  ....   (53)
S « contamination depth, cm,
■ t ~ contamination time, hours
K =s contamination rate constant,2cm /hr.
The above e^cpression has been found to correlate with 
contamination of titanium alloys^^^^\ Further, Jaffee et 
^l(85) that it was possible to correlate, contamination
of Eb-Ti alloys by this equation.
An Arrhenius-type of plot of the contamination rate, K, 
for the niobium-aluminium system is shown in Fig.78. The 
family of curves obtained shows that the effect of moderate 
and high aluminium additions was to reduce contamination 
considerably, so that alloys consisting mainly of FbAl^ will 
show no contamination at 1000*d and above*
In view of the good agreement obtained between the 
activation energies for oxygen diffusion and those calculated 
by the above equation, it is not unreasonable to suggest that 
the above equation is also valid for Db-Al system.
6.2.9, Oxygen Diffusion Studies
The hardness penetration data may also be utilised to 
calculate the diffusion of oxygen in niobium and the alloys 
studied. Diffusion and contamination studies are very closely 
related, since contamination hardening is dependent on the rate 
at which oxygen diffuses into the metal.
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The Van Ostrand-Dewey solution^®^^ to Pick's second 
law was applied, and may he stated as follows :
0 - Oo/Gm-Co = 1 - X    (54^  2 jDt
where Co = original concentration of diffusing element, Cm - 
diffusing element concentration at the surface, 0 = diffusing 
element concentration at a given distance from the surface,
0  55 error function, X - distance from surface, Cm., D =
pdiffusion coefficient, cm /hour and t = diffusion time, hours.
According to Klopp et al^^^\ if the diffusing element 
concentration is expressed in terms of hardness, and 
equation (54) is solved for D, then
C - Co = H - Ho = 1 - Hm ~ H
The above assumption is rigorous only when hardness varies 
linearly with concentration^^^\
1 -  = 1 - M / f \    (56)Hm - Ho W p t
_ J L _  = 0 “'' ^  ^   (58)2 V%t Sm - Ho
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g-2 -
^ " 4 - H/Hm - Ho)^t .......
Hm ~ hardness of the contaminated alloy at the alloy/air inter­
face, was estimated by extrapolation of the depth of 
concentration curves to zero depth.
The values of the oxygen diffusion coefficient, D, may fee 
compared with the contamination coefficient, K, in Table 12; 
the assumption that the depth of contamination varies with the. 
square root of time is generally supported by the more exact 
calculations of equation 54.-
Consideration of the diffusion data in Table 13 shows 
that aluminium additions to niobium slow dovm oxygen diffusion, 
the effect becoming quite pronounced when aluminium additions 
exceed 30 vrt.%. The latter tends to explain, to some extent, 
the considerable improvement in oxidation resistance achieved 
with aluminide coatings on niobiun at high temperatures.
With dilute solid solution alloys, containing up to 2 wt.^ 
aluminium, the effect of aluminium in limiting contamination 
was quite small. However, once the 3 phase became 
continuous, for example, alloy containing 6 xrb.%Al, a 
considerable drop in oxygen diffusion took place with 
subsequent reduction in depth of contamination, even at 
temperatures as high as 1150°C. Unfortunately, these alloys 
suffered from cracking in the intermediate temperature range.
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6.3* Metallography of Eiobiim-Aluminium Alloys
In the study of oxidised specimens by optical microscopy 
use was made of polarized light and dark field illumination 
techniques, particularly in the identification of the variou" 
oxide layers. Under polarized light DbgO^ is translucent,
UbOg is dark grey and ITbO is black.
Some prominent features of oxidised specimens were :
6.3*1* Sub-Oxides
These were observed in g-solid solution alloys oxidized 
at 7 0 0 *0 , Figs.79) 80 and 81. However, the amount present 
decreased at 800*0, and they finally disappeared at 900*0.
Sub-oxides were also observed in the 4.5 wt.%Al alloy, 
oxidised at 7 0 0 *0 , although at 800*0 they were replaced by a. 
contaminated zone, Fig.84. Alloys having an aluminium content 
greater than 6 wt.% showed no evidence of sub-oxides being 
present. Figs.81, 82 and 83 show various distribution 
patterns of sub-oxides.
6.3*2. Cracking in 3, B + o, o. o + eutectic and eutectic h- 
HbAl3“
Two distinct patterns were apparent in alloys that 
cracked during oxidation testing.
(a) Those that suffered from severe cracking were characterized 
by grain boundary diffusion of oxygen with the subsequent 
formation of contaminated zones at the boundaries, 
resulting in the separation of the grains. Oxidation
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products were in the form of fine powder., The main 
examples are 3 + o and o phase alloys, oxidised at 800 
and 9 0 0 *0 . Figs.85 and 86 show severe cracking as a
result of grain boundary diffusion and contamination.
(b) Those that disintegrated into large granules showed
shearing or cracking of the contaminated zone at some 
points with little evidence of grain boundary effects.
This predominates in 9-phase alloys at 800 and 900*0,
3 + 0  and o phase alloys at 1000 and above, in eutectiq 
+ O and in eutectic + NbAl^ alloys. Figs.87, 88 and 89 
reveal shear and fracture of the contaminated zone, 
probably due to its attainment of critical thickness and 
therefore maximum stress gradient within the zone.
6 .5 ,5 . Contamination
A contaminated zone may be defined as a region in which 
oxygen has dissolved in the matrix. Practically all the 
phases studied suffered from contamination at intermediate an i 
high temperatures. One of the effects of oxygen solution was 
to increase the hardness of the matrix, which produced relief 
effects on polishing, especially in alloys containing inter- 
metallics.
After etching, the contaminated zone appeared as a single 
phase, Fig.84, and further efforts to etch the various 
constituents of the zone revealed only grain boundaries.
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6.3.4. Preferential Contamination
This was clearly evident in o + eutectic alloys where 
the structure was revealed by the preferential solution of 
oxygen in the sigma constituent of the eutectic, Fig.91.
At 800 and 900°C the FbAl^ phase suffered from contamination 
while at 1000*0 and above no contamination was detected.
Again, the eutectic structure and the FbAl^ phase were 
revealed by oxidation, Figs.92 and 94.
6 .3 .5 . Particle Precipitation
Due to the difficulty encountered during polishing of 
the contaminated zone, the possibility of particle precipi­
tation was considered. However, because of its fineness 
the precipitate was only evident in alloys that were oxidised 
at high temperatures; for example, the 4.5 wt.%Al alloy 
oxidised at 1 2 0 5 °C, Fig.93-
6 .3 .6 . Oxides
The study of oxides by optical microscopy was restricted 
to the differentiation of the various layers and to the 
subsequent assessment of their composition by microprobe 
analysis. The thickness of the oxide layers was measured by 
one of the following methods :
(a) By the use of a graduated scale under the microscope 
(Table 16). This method was employed mainly for 
relatively thick oxide layers.
(b) By calculation; a method used mainly for thin layers.
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X = W . MxOy ,10®    (60)Pd TO OX =: oxide thickness in A 
P = the surface roughness ratio 
MxOy and YO = the formula weight 
of oxide and oxygen respectively 
W « weight gain in gms/cm
6.3.7.
The following etchant was found most suitable 
16 mis. concentrated Hf
30 mis. concentrated HOI 
120 mis. HgO 
10 gm. FeOlj
6.4. Electron Microscope Study of the Contaminated Zone
The considerable changes in hardness, observed in the 
contaminated zone, suggested the possibility of oxide particle 
precipitation based on the dissociation of the a, 3 and a phases 
due to the greater thermodynamic affinity of aluminium for 
oxygen.
Examination, using optical microscopy at magnifications 
of the order of x 1500, did not reveal any precipitation, at 
least within the lower temperature ranges. However, sigma 
phase, oxidised at 1 2 0 5 *0 , did show a very clear precipitate 
throughout the contaminated zone; the nature of this 
precipitate was determined by microprobe analysis.
Since the oxidised specimens were of cylindrical shape 
and because of the brittleness of the contaminated zone, it 
was not possible to employ the thin film technique. Direct
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plastic replicas were found unsatisfactory, due to the 
difficulty of stripping the film from the surface of the 
specimen. Therefore, the use of a two-stage plastic/carbon 
extraction replica had to be resorted to
6,4.1. Procedure
Specimens were cleaned, using an ultrasonic bath, and 
were subsequently kept immersed in acetone to avoid contact 
with atmosphere, and therefore possible particle pick-up.
In order to extract particles from the surface, the 
specimen was etched relatively heavily, using a concentrated 
solution of 30% HNO^ + 50% HP, Bex film replicas were 
stripped off and then were coated with a thin carbon layer of
o100 to I5OA thick. Shadowing was employed when necessary. 
Selected regions were cut off the prepared replica and 
placed on 485 mesh copper grids. The Bex film was later 
dissolved, using acetone; this was performed using a burette 
and took a considerable time, in order to ensure complete 
solution of the plastic film.
An interesting study was carried out on alloys containing 
a + 3, 3 and a phases.
Examination was restricted to specimens oxidised at 
relatively low temperatures, e.g. 800*0, where little change, 
apart from solid solution hardening, seemed to have taken 
place, and at high temperatures, e,g. 1085*0, where consider­
able phase dissociation was apparent from hardness 
me asur ement s •
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An EM6.G type electron microscope was used; the 
magnifications employed were consistent with the resolution
oexpected from the type of replica used, i.e. 20 to 50A.
6.4.2. a + 3 Alloy oxidised at 800*0
Examination of the contaminated zone did not reveal any 
appreciable amount of precipitate in 3 fields; in fact, only 
some dissociation of the 3-phase was observed at its 
boundaries Tvith the a-phase. This is thought to have been 
caused by the higher oxygen concentration and its faster rate 
of diffusion in the surrounding a-phase.
Overall precipitation in the a-phase seems to have 
occurred, characterized by some very fine particles in what 
were originally a-fields, Fig.95»
Oonfimation of particle precipitation was carried out 
under conditions of dark field illumination. However, this 
latter technique will only reveal precipitation within the 
correct orientation plane; some diffraction patterns of oxides 
or sub-oxides were observed.
6.4.3,
A clearer pattern* of dissociation of the 3-phase was 
obtained at this temperature. Differentiation of the 
contaminated zone from the matrix was possible (Figs.96 and 
97) by both ordinary and dark field illumination techniques, 
since no particle precipitation was observed beyond the matrix/ 
contaminated zone interface.
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Another interesting aspect was the increase in particle 
density per unit area as the metal/oxide interface was 
approached.
A very thin line of particle precipitation marked the 
contaminated zone/matrix interface with an adjacent low 
particle density. Regions that were previously 0-fields 
were characterized by an overall precipitation at the original 
boundaries of the phase. The size and density of the 
boundary precipitate was quite small near the contaminated zone/ 
matrix interface. However, as the oxide/metal interface is 
approached, a more complete precipitation seems to have 
occurred. The structure eventually becomes similar to that 
of a dispersion hardened matrix.
The above observations agree with the hardness measure­
ments from section 6.2.
The diffraction patterns were too complicated for any 
assessment of the type of oxide in the precipitate, the latter 
being evaluated by microprobe analysis when possible.
The region near the metal/oxide interface seemed to be of 
a homogeneous phase, possibly of a Hb^-Al^-O^, solid solution, 
with oxide particle precipitation throughout the structure.
The following picture of the mechanism of dissociation 
of the 0-phase gorges, Fig.98s
Because of the greater thermodynamic affinity of 
aluminium for oxygen, the presence of oxygen at the 3-phase 
boundaries causes phase dissociation.
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m>^Al + 0 -> Al Og + AlgO^
(dc « Hb^AlyOg, a solid solution of niobium, aluminium and 
oxygen).
The decrease in the activity of aluminium at the 3-phase 
boundaries results in sharp gradients in aluminium concen­
tration with consequent diffusion of aluminium to the 
boundaries, causing phase dissociation and further particle 
precipitation. The process continues until an à phase is 
produced, whose composition was estimated from microprobe 
analysis, and a precipitate extremely rich in aluminium.
Figs.99 and 100 illustrate the process of phase dissociation*
6.4.4. 6 and 9 wt.%Al Alloys
Study of alloys in which 3 is the continuous phase with 
some a finely dispersed at grain boundaries and in the matrix, 
oxidised at 800*0, showed very little dissociation of the 3- 
phase, except at grain boundaries, where some darkening of 
initially 3-fields tended to indicate oxygen solution. Some 
minute amount of precipitate was detected by dark field 
illumination and seemed to be extremely fine.
At high temperatures, e.g. 1085*0, overall particle 
precipitation was again observed to increase in density near 
the metal/oxide interface, Fig.101. The actual pattern 
observed with the previous alloy, 4*5%A1, associated with the 
dissociation of the 3-phase, is no longer valid, due to the 
lower rate of oxygen diffusion in the 3-phase when compared 
to the a-phase* Alloys containing largely 3-phase showed
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considerably more particle precipitation at 1 0 8 5 * 0 than those 
containing 4.5%A1, due to their higher aluminium content.
This trend was observed in 3 + a and a phase alloys.
Examination of the mechanism of dissociation of the 3 + a 
and cr phases at 800*0 became more difficult since, the 
specimens cracked readily within the first hour, most of the 
oxidation experiments were then terminated. The contaminated 
zones were,' therefore, extremely thin, and the method used did 
not permit their accurate evaluation.
At very high oxidation temperatures, and in alloys 
relatively rich in aluminium (e.g. o-phases at 1 2 0 5 *0 ), the 
precipitate particle size was sufficiently coarse to be 
visible under oil immersion at X 1 5 0 0 .
Neither eutectic alloys, nor those containing NbAl^, 
were examined, since the latter phase does not undergo internal 
contamination at 1 0 0 0 * 0 and above.
6.5* Microprobe Analysis
The object was to study the changes in aluminium and 
niobium concentrations after oxidation, both in the contaminated 
zone and in the various oxide layers,as predicted by the 
hypothesis put forward, in mathematical terms, by Wagner^^^^).
He proposed that in an alloy consisting of elements "A" and 
"B", with B having a greater thermodynamic affinity for oxygen 
than "A", the oxidation behaviour depended on the mole fraction 
of ”B*' present. If the concentration of "B" was low in the. 
alloy, the inner oxide will be relatively rich in "B”, while
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the outer oxide will be rich in "A". Further, at a certain 
critical concentration of "B", the latter will form its own 
oxide only. This critical concentration depends to some 
extent on the following factors :
(a) The magnitude of the difference in the thermodynamic 
affinity of either element for oxygen.
(b) Solubility of BO in AO and vice versa.
(c) Permeability of BO for A*^"^ and 0 •
(d) The tendency for double oxide formation.
(e) Volume ratios of oxides AO and BO.
In the present study, niobium has a lower affinity for 
oxygen than has aluminium, as shown in Table 19 , and hence 
aluminium will oxidise preferentially* Since an adherent 
oxide layer, extremely thin, was observed in practically all the 
alloys examined, both at intermediate and high temperatures, 
and because of the difficulty in scraping this oxide for X-ray 
analysis, together with the small amounts present, it was 
decided to attempt a study of its composition by microprobe 
analysis. On the whole, the present study should provide a 
nucleus for further investigation of the Fb-Al-O system.
6,5'1* Experimental Procedure
Electron probe X-ray microanalyses were performed, using 
a Cambridge Geoscan instrument. Both elements were estimated 
using their characteristic X-ray lines, Nb-La and Al-Ka.
Specimens were mounted in araldite and electrical contact 
between specimen and holder was maintained by the use of
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colloidal graphite. The probe current (that is, intensity 
of the electron beam) was determined by a Djdcro-mili-ameter, ^
The probe current was held constant at 100 ^.m.Amps, The ^
Bragg angle, having peak intensity, was determined for both 
Nb-La and Al-Ka using pure niobium and aluminium standards, 
supplied by Murex Ltd,
Spectrometers (1) and (2) were used for measuring the 
intensity of Nb-La and Al-ICa respectively.
Scanning speed was fixed at 30 p/minute. Scanning was 
carried out from a pre-determined point xvith known x, y co­
ordinates.
Background intensities were counted on both sides of the 
Nb-Loc and Al-Ka lines. An argon-filled proportional 
counter (flow) was used in conjunction with a bent mica 
crystal for measuring the intensity of the Nb-La radiation. 
Analyses were made at 15 k.v. ; the counting rates determined 
for pure niobiim were about 1 6 5 0 sec,*“^  and for aluminium 
about 3000 seo#~^. Scanning was repeated at least twice 
on all specimens examined, so as to ensure reproducibility,
6.5.2. Instrument Corrections
The data obtained were corrected for counter dead time, 
and the mean background count was then subtracted from the 
mean peak intensity reading. Care was taken to adjust the 
setting of the pulse height analyser when making the background^ 
readings, to be sure that they were not artificially suppressed.
—14?—
6.5-3. Experimental Precision
According to Rosenbaum and Scbadler^^^^^, "when the 
electron beam is sufficiently stable, the precision of the 
measurements is limited by counting statistics, and that the 
observed data are as precise as counting statistics will 
allow". Further, they concluded that the estimate for a 95% 
confidence limit is valid, since the instrument is designed 
to give a precision of +.01. This latter figure was used as 
the confidence limit*
6.5.4. Accuracy
The stated confidence limits apply to the precision on 
expected reproducibility of the data.
Standards were available for the alloys examined and 
results given in Fig.102 are comparable with those reported 
by Fornwalt, Gourley and Manjione^^^^^.
Absorption corrections for Nb-La and Al-Ka were carried 
out, using the following computer programme; results are 
plotted in Figs,103 and 104. No fluorescence corrections 
were made as they were considered to be too small at the 
selected k.V.
The mass concentration of niobium,
o =* ipb = Intensity in contaminated zone or oxide 
' Intensity in standard
was determined and subsequently corrected for absorption.
Similar procedure was adopted for aluminium.
C2.
G" HO'
^  -f®
O
0
r\ ^  O cr
“T*
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Oxygen concentration was determined from the difference 
in 100- %Fb - %A1 = % Q?£ygen; this was necessary due to lack 
of facility for light element determination.
Considerable deviations were exhibited by porous Wb^O^ 
type oxides, showing a decrease in Fb-La intensity.
According to Wordell and Cosslett^^^^^, "analysis of a 
light element in a matrix of two heavy elements of widely 
different atomic number is presumably limited to some extent by 
distortion of the component pulse height distributions.
Because of the atomic number effect, the characteristic 
radiation of the heavier element is suppressed, while that of 
the ligher element is boosted".
The observed decrease in the intensity of the Fb-Ia may 
be explained by the above statement.
6.5*5* Electron Hicroprobe Analysis of Kiobium-AluminiumAlloys
(i) Study of exothermic reaction products.
(ii) Study of oxidation products.
(i) Microprobe study of the reaction product revealed the 
formation of FbAl^, as a result of 3Al^^g^^^+ ^Solid
^^^3 Solid-*-
Scanning was carried out for both aluminium and niobium 
from the centre of the particle towards the surface, and the 
pattern obtained is shown in Eig.1 0 5*
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The corrected values for the aluminium count, due to 
absorption by niobium element, gave 4 5%A1 , i.e. corresponding 
to FbAl^ phase. An interesting aspect was the uniformity of 
composition across the rim and the absence of other phases.
The above results were also confirmed by X-ray analysis, 
which revealed the presence of NbAl^ phase and unalloyed 
niobium.
(ii) Study of Oxidation Products
The findings of microprobe analyses are given in Tables 
14, 151 16 and 17- They are divided into three parts :
(a) Study of oxygen, aluminium and niobium concentrations
in the contaminated zone.
(b) Study of inner oxides.
(c) Study of outer oxides.
It must be emphasized here that the various formulae 
reported, particularly for the inner oxide, are largely 
empirical, and are based to some extent on those previously 
reported for niobium (Fb^O, Nb^O, BbO, FbgO^, NbOg and FbgO^). 
The data given on the outer oxides could be analysed on the 
basis of Goldschmidt's X-ray investigations of the AlgO^-FbgOy^ 
system.
(a) Study of contaminated Zones
Contaminated zones were characterized by a drop in the 
aluminium and niobium concentrations, indicating dilution with 
oxygen.
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Alloys containing up to 6 wt*%Al, oxidised at 800^0 and 
below, showed that the sub-oxide platelets observed under 
optical microscopy in the proximity of the metal oxide inter­
face, were relatively rich in aluminium. The aluminium 
content of the sub-oxides was found to increase appreciably 
as that of the matrix was increased from 2 to 6 wt.%.
Further, for any particular alloy, as the oxidation temperature 
was raised from ?00 to 800°C, the aluminium content of the 
sub-oxides dropped. At 900^0 and above, these sub-oxide^ 
platelets disappeared completely. This was taken to indicate 
that in the ternary system of Fb-Al-0, the streaks are stable 
up to 850*0 and in the vicinity of a and a + 13 regions.
Figs. 106 and 107 show the decrease in sub-oxide 
stability with temperature. Bo sub-oxide streaks were 
apparent in alloys containing 9 wt.^Al or more. Fig.108
shows an aluminium scan across sub-oxide regions in alloys 
containing 2, 4.5 and 6 ivb.%Al, which were oxidised at 700*0.
Internal contamination in alloys of low aluminium 
content (e.g. 2 wt.%Al) was characterised by a small 
reduction in both aluminium and niobium concentrations 
towards the metal oxide interface. Those containing 4.5 and 
6 wt.%Al showed a slope in oxygen concentration up to 1000*0.
At 1 0 0 0 * 0 and above, due to the dissociation of the 5-phase, an 
increase in aluminium content was observed, particularly 
near the end of the contaminated zone, the latter effect being 
quite pronounced in alloys containing 6 wt.%Al at 1085°0, 
and characterized by a dense particle precipitate, as shown
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by electron microscopy.
For alloys containing 9 wt.%Al or more, the oxygen 
solubility in the 3 and o phases was estimated from the 
number of oxygen atoms that could be accommodated; for 
example, in vacant octahedral sites in the BGT structure of the 
3-phase. This is probably valid, provided that no 
dissociation of the phase could be detected by either hardness 
measurements or electron microscopy.
Bo gradients in either aluminium or niobium 
concentrations were detected up to 1100*0. However, at 
temperatures well above those for the dissociation of the 3 and 
o compounds, considerable gradients in both niobium and 
aluminium were seen, accompanied by the formation of particles 
sufficiently large for their composition to be determined by 
the probe. For example, an alloy containing 14.5 wt.%Al, 
oxidised at 1200*0 for 24 hours, showed particles of the 
composition, 9Al2 0 ^.5Bb^ 0 dispersed within the contaminated 
zone.
(b) An important aspect of niobium-aluminium alloys is the 
relative stability of a black oxide layer, at intermediate 
temperatures, for alloys low in aluminium, and at relatively 
high temperatures for those rich in aluminium,
A black oxide layer is normally associated with 
unalloyed niobium at low and intermediate temperatures, but is 
unstable at high temperatures; according to Inouye and 
Kofstad, the oxide is BbOg. Examination of this layer in a
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2 wt.%Al alloy, oxidised at 7 0 0 *0 , showed that it was much 
richer in aluminium than could be accounted for by the initial 
aluminium content of the alloy. Further, the niobium in the 
oxide was in the form of Bb0 2 .
At 800*0, some concentration of aluminium could still 
be detected. However, at 900*0 and above, no relative 
concentration in aluminium was found, although the dark inner 
oxide layer was still present.
In the 4.5 and 6 wt.%Al alloys, oxidised at 700*0, the 
aluminium content of the inner oxide was four to six times 
the initial content of the alloy. Further, niobium was 
deduced to exist as Bb0 2 and BbO in the dark oxide layer, the 
latter predominating in the 6 wt.%Al alloy.
The drop in the aluminium content of the inner oxide at 
the higher temperatures, was such that at 1 0 0 0 and 1 0 8 5 ° 0 no 
preferential oxidation was apparent. This trend may be 
attributed to :
(i) The decrease in the magnitude of the difference in 
the thermodynamic affinities of niobium and 
aluminium for oxygen at high temperatures (Fig.109),
(ii) The more rapid reaction rates, reducing or even 
eliminating the effect of preferential oxidation, 
helped to some extent by the preponderence of the 
volume diffusion of oxygen at high temperatures, 
as compared to grain boundary diffusion at the 
lower temperatures.
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(iii) The increased diffusivity and solubility of 
alumina in Bb^O^ and BbgO^ at the higher 
temperatures may offset its tendency to 
accumulate in the inner oxide.
(iv) The instability of the inner oxide at high 
temperatures.
The tendency for aluminium to concentrate in the inner 
oxide, observed in alloys containing less than 6 wt.%Al, does 
not happen in alloys containing more than 8 wt.%Al; that is, 
those consisting of 3, 3 + cf and a phase compounds. Both 3 
and Of phase alloys, oxidised at 800*0, showed a slight build­
up in A1 near the end of the contaminated zone. However, no 
oxide was detected by probe analysis, although the surface of 
the oxidised alloy was darkened. It is probable that the 
thickness of the oxide was too small - less then 1-2 x 1 0"^ cm, 
and, therefore, below the sensitivity of the apparatus.
The oxides formed at 1000, 1100 and 1200*0 consisted of 
an inner oxide layer, whose nature depends largely on the 
aluminium content of the alloy and the oxidation temperature. 
Table 14 shows the type of inner oxides observed on some of 
the alloys examined.
From the composition of these oxides, no preferential 
oxidation is apparent. Further, only a slight dilution in 
aluminium taices place, when the inner oxide is transformed 
into BbgO^ + Al^O^, i.e. outer oxide.
Example: I^AlgO^ + ISBb^O^ -> 12Al2Û^ + IBBbgO^
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as was observed with an alloy containing 14*5 wt.%Al and 
oxidised at 1 2 0 0 °C*
The above reported alumina content of the oxide is 
approximately equivalent to that expected from the oxidation 
of BbgAl as a compound. This further elucidates the 
importance of compound stability in oxidation, since the latter 
affects the mobility and activity of aluminium, and therefore 
influences, or even inhibits, preferential oxidation which 
predominates in dilute alloys at intermediate temperatures.
Alloys containing 22 and 55 wt *$A1 behave differently. 
These alloys consist of a compound and eutectic, which tend 
to oxidise at different rates.
In those containing 22 wt.%Al, oxidation at 1200 and 
1 5 0 0 * 0 is more rapid through sigma phase regions, while in the 
55 wt,%Al oxidation is more rapid through eutectic regions, 
to such an extent that BbAl^ crystals are carried, surrounded 
by a highly protective oxide layer, into the oxide.
Microprobe analysis showed that the oxides produced from 
the oxidation of sigma, eutectic or FbAl^ phases can be 
differentiated up to 1100*0. However, at higher temperatures, 
the oxides become more homogenous, due to phase dissociation 
in the alloy and more rapid diffusion processes. It 
becomes clear, from what has already been said, that in spite 
of the limitations of the apparatus and some of the 
uncertainty in the measurement of oxygen concentrations, 
sufficient information has become available for better 
understanding of oxidation kinetics. For example, it was
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observed that the rate of oxidation of an alloy containing 
6 wt.%Al, at 7 0 0 *0 , is lower than that of an alloy containing 
30 wt,%Al. Microprobe analysis showed that, in the dilute 
alloy, aluminium concentrates in the inner oxide layer to an 
extent greater than 30 wt.%, while alloys rich in aluminium 
show no preferential oxidation, due to compound stability, 
and therefore no further enricliment in aluminium for the 
inner oxide. Since oxides rich in alumina are more 
protective and form more slowly, the above-mentioned anomaly 
is e x p l a i n e d ^ .
6.6. Electrical Conductivity of Bb^O  ^- ~^ 2^^3 ^^Ades
Study of the electrical conductivity of oxides containing 
BbgO^ and AlgO^ in varying proportions, was carried out at 
temperatures above 0.5 Tm C&.p. in *K). This temperature 
range was chosen to enable the attainment of true thermodynamic 
equilibrium by self diffusion.
According to Bevan, Shelton and A n d e r s o n ^ t h e  
primary process of chemical reaction by solid oxides involves ;
(1 ) Ohemisorptive equilibrium of oxygen with fully tenanted 
or partially stripped crystal lattice surfaces, and
(2 ) Diffusion processes whereby lattice defects migrate into 
the interior of the crystal lattice. This latter stage 
occurs above .5 I'm*
The object of the experiment was :
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(a) To determine the conducting nature of oxides high 
in alumina.
(h) The effect of alumina on both electron and anion 
defect concentration of oxides relatively rich in 
BbgOc-
Assuming that oxygen diffuses through the oxide layer 
to the oxide/metal interface and not through cracks or pores, 
objective (b) is indicative of the oxidation resistance of 
Bb-Al alloys generally.
Compacts containing 0, 10, 15» 25 and 50 molecular 
percent alumina were prepared. The two powders, AlgO^ and 
BbgO^, were mixed for 24 hours and pressed to form 
cylindrical pellets -J" dia. x 3/8 " high.
A special die was used for pressing platinum leads into 
the compact during preparation. The pressed pellets were 
quite fragile and had to be handled with care. The specimens 
were heat treated at 900 and 1050*0 for 24 hours, under 
argon atmosphere, in order to promote a reaction between 
AlgO^ and BbgO^,
Goldschmidt^reported that alumina dissolves in 
BbgO^ up to 15 molecular percent ; higher alumina contents 
lead to the formation of "I" compound (NbAlO^).
Some deviation from equilibrium conditions was expected 
due to the fact that specimens were sintered rather than 
melted. It was hoped that some degree of semblance did 
exist between the prepared compacts and the products of 
oxidation.
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Electrical resistance measurements were carried out, 
using an avo-meter, Model 8 Mill.
Two hours were allowed for homogenization under any 
particular atmosphere before the start of the experiment.
The effect of temperature and partial pressure of oxygen 
on resistivity were studied.
6 .6 .1 . Variation of Electrical Resistivity with Temperature
Electrical resistivity was measured at two temperatures, 
namely, 870 and 1010*0 (Figs.110 and 111).
The increase in conductivity with temperature is quite 
substantial and is of an order of magnitude. This is largely 
due to higher electron mobility at high temperatures 
(Bo attempts were made to calculate the activation energies of 
the carrier species because of lack of results).
6.6.2. Variation of Electrical Resistivity with Partial
Pressure of Oxygen. Po^
Figs.110 and 111 show (i) a considerable increase in 
resistivity values as the partial pressure of oxygen increases,
(ii) a break in the curve corresponding with 12^ alumina 
(Fig.110), and 15% alumina (Fig.111).
Since the conductivity of oxides at high temperatures 
depends upon the oxygen partial pressure in a manner which
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reflects the mechanism of conduotion, this, together x-^ ith the 
deviation from stoichiometry, provide an extremely sensitive 
index of oxidation.
The following relationship is important in kinetic 
interpretation, as will be seen later ;
log K a log Po2   (61)
Z = conductivity « 1   , Tq - oxygen partial pressureResistivity ^
Equation (61) shows the variation of "K" with . The
inflexion in the 8 7 0 * 0 curve at IS^AlgO^ and in the 1 0 1 0 * 0  
curve at 15%AlgO^ is due to the greater interaction and 
solubility of AlgO^ in BbgO^ at the higher temperatures. 
Gol d s c h m i d t ^ shox^ e^d that on melting Bb^O^ dissolves up to 
15% Al^O^, while on sintering at 800*0 for 14 days, considerable 
deviation from equilibrium occurred.
Changing the atmosphere from 1 0 0% oxygen back to argon 
(3 parts per million of oxygen) did result in a complete 
reversal of the process, with resistivity values comparable 
with those measured earlier. This would indicate purely a 
change in anion vacancy concentration with the partial pressure 
of oxygen, and would also confirm the stability of the 
reaction product, irrespective of oxygen partial pressure, 
within the experimental range.
From the above observations, the following conclusions 
were drawn:
(1) That oxides containing up to 50 molecular percent Al2 0^
were n-type semi-conductors with, probably, anion vacancies.
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(2) Their conductivity decreased considerably at high oxygen 
partial pressures.
(3) The break in the log R vs, composition curve at about 15 
molecular percent Al^O^ seems to coincide with a to a + 
BbAlO^ phase change (Fig. 8 ), indicating that the chapge 
in electron and anion vacancy concentration is associated 
with the appearance of the new NbAlO^ phase,
(4) Only short periods were needed to attain equilibrium,
indicating rapid diffusion of oxygen. Similar obser-
(128)vations were made by Kofstad et al .
6.5.3. Effect of Oxygen Partial Pressure on ElectricalQonductiviiy
A study of the variation of electrical conductivity for 
a-Nb2 0^ in the temperature range of 300 to 9 0 0 *0 , and pressure 
range .002 to 1,0 atmosphere, was carried out by Greener, 
Whitmore and Fine^^^^\ They found that
K a   (62)
later, work by Kofstad and A n d e r s o n ^ u s i n g  a gravimetric 
method to study the effect of oxygen pressure on deviation 
from stoichiometry in the temperature range of 900 to 1400*0, 
resulted in
K a   (63)
According to Kofstad^ the same relationship should hold
for conductivity. The latter relationship was confirmed by 
Blumenthal et
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Prom present work, Fig.112, the conductivity dependence 
on oxygen partial pressure, for the various compositions 
studied at 1 0 1 0 *0 , is given below :
(a) For Fb2 ^ 5 (sintered at 1050*0)
.1'2^ 5.2   (64)
(b) For ITbgO^  + iO molecular percent AlgO,
-1/5 ........K a Pog     (65)
(c) For HbgOc + 25% AlgO,.
K a Pog   (66)
(d) For NbAlO^ + 50% AlgO,
-1/3.6 .........K a Fog   (67)
The above relationships were valid over the pressure 
range of0.1 to 1 atmosphere* However, some deviation was 
observed at oxygen partial pressure ofCO.001 atmosphere.
Similar observations were made by Blumenthal et
The effect of adding up to 25 molecular percent alumina 
does not seem to have affected the dependence on oxygen 
pressure appreciably. However, once FbAlO^ became the pre^ 
dominant phase, the oxygen pressure dependence of conductivity 
changed appreciably.
(132 )Greener et.al^  ^ suggested that Bb2 0  ^is n-type semi­
conductor with oxygen vacancies, in which, if the first 
electron is fully ionized, the second is only negligibly 
ionized. Based on equation (63), Kofstad et al suggested
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that both electrons were fully ionized. From our present 
work, the observed pressure relationship, equation (64), 
seems to suggest that in some oxygen vacancies both electrons 
are ionized, while in others only one is fully ionized.
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7. DISCUSSION
Of
7 .1 . Discussion Internal Contamination
Due to the high solubility of oxygen in niobium, 
extensive contamination of niobium takes place at inter­
mediate and high temperatures. Since oxygen diffusion is 
not characterized by a precipitation front, but more likely 
by solution hardening due to the expansion of the niobium 
l a t t i c e ^ t h e  extent of oxygen penetration was deter*»- 
mined by measurement of hardness changes in the matrix,
7 .1 .1 . g-solid Solution Alloy
Alloys containing aluminium in solid solution up to 2 
wt.%Al, showed
(a) A decrease in the rate of oxygen diffusion in the matrix.
(b) A decrease in oxygen solubility as compared with 
unalloyed niobium.
(c) The beginning of particle precipitation with consequent 
increase in hardness levels.
On the whole, contamination was still extensive in these 
alloys, and therefore the formation of a planar interface 
did not take place until high temperatures, when oxygen 
activity became sufficiently high to cause a precipitation 
front.
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One characteristic of the alloys is the formation of 
sub-oxide streaks in the temperature range of 600 to 800*0. 
Sub-oxide formation occurred preferentially at grain 
boundaries and generally parallel to the surface at low 
indexed planes.
An interesting aspect of the effect of additiop of small 
amounts of aluminium on the hardness, of niobium, arose from 
observations on sintered specimens. The tendency for the 
surface layer, generally depleted of aluminium, to be softer 
than sintered niobium, tends to suggest that aluminium may 
be removing the oxygen dissolved in the lattice, and thereby 
softening the structure.
This trend was noted in the results of Klopp, Jaffee 
(57)and Sims^^f/, in which the hardness of unalloyed niobium 
(155 to 165 decreased on nominal addition of 0.2 atomic
percent A1 to 128, while further nominal additions of 1*0 
atomic percent A1 and of 5 atomic percent A1 gave a hardness 
of 158.
On the whole, although more extensive contamination 
was shown by alloys containing 0.2 atomic percent Al, nominal, 
than unalloyed niobium (Table 7), it is possible that the 
deoxidation of niobium by aluminium could have reduced the 
interstitial concentration level. However, the amount of 
precipitation hardening produced would be negligible, due to 
the very low concentrations of oxygen and aluminium.
On the same basis, it can be argued that the addition 
of small amounts of aluminium produces niobium nearer
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"Electron Beam melted quality", so far as the interstitial 
level is concerned only. Such a dilute alloy might exhibit 
a higher rate of oxidation than commercial purity niobium at 
the same temperatures. This would, to some extent, explain 
the increased depth of oxygen penetration and the faster 
observed oxidation kinetics as reported by Klopp et al.
7.1.2. g + 0 Alloys
Increasing the aluminium content to 4.5 wt.% results in 
an g + 3 structure, in which the g-phase remains as the 
continuous phase.
Diffusion at the lower temperatures takes place prefer»» 
entially through the g-phase and dissociation of the 3~phase 
occurs at high temperatures, as shown by electron microscopy.
The formation of a planer interface is due to the higher 
mole fraction of aluminium and therefore to easier 
precipitation•
Once the 3-phase became continuous, e.g. 6 wt.%Al alloy, 
oxygen diffusion slowed down considerably and oxygen solubility 
decreased. The latter is based on the hypothesis that as 
long as the hardness of the contaminated zone is higher than 
that of the matrix at the metal-contaminated zone interface, 
no extensive compound dissociation took place. Therefore, 
whatever oxygen is present in the structure would be in solid 
solution form.
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7.1.5. g and o-Phase Alloys
The above hypothesis may not altogether be valid here, 
due to the increase in aluminium content near the metal-oxide 
interface at 800*0, and the absence of a thick contaminated 
zone, which could be attributed to preferential aluminium 
diffusion and therefore deviation in composition within the 
range of solid solubility, as exhibited by the g and a phases# 
Oxygen may extend the above-mentioned range to Bb^AlOg solid 
solution, Table 15» based on the number of vacant octahedral 
sites in the Bb^Al lattice.
7.1.4. Mean Atomic Distances in the Bb-Al Phases^^^^^
Bb^Al NbgAKo) BbAl^
oAl-Al _ - 2.712A 2.846A^
Al-Bb 2.899A 2.895A 2.884A
Nb-Nb 5.175A 5.040A
Sigma phase seems to have the shortest distance between 
Al-Al atoms and is intermediate between Bb^Al and BbAl^ in 
the Al-Fb spacing. Since oxygen atoms would preferably 
occupy sites nearer to the Al-Al atoms, because of the higher 
chemical affinity of aluminium for oxygen, it is probable that 
the considerable stresses caused by the presence of oxygen as 
0, 0" or 0“, in vacant lattice sites of the above-mentioned 
compounds, result in maximum strain in the sigma phase, due 
to the greater expansion of the lattice.
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7.1,5. Cracking Phenomenon at Intermediate Temperatures
At intermediate temperatures volume diffusion in the g 
and a phases is limited, and grain boundary diffusion tends to 
predominate.
Preferential oxygen diffusion along grain boundaries 
results in the formation of contaminated zones at the grain 
boundaries. It is proposed that the expansion of the 
lattice, due to oxygen solution and the consequent increase in 
volume, causes the separation of the grains at the boundaries 
and therefore the observed cracking phenomena. The above 
model, based on grain boundary diffusion of oxygen, is amply 
supported by optical microscopic studies, Pig.86.
The suggestion of Wukusik^^^^ that cracking is due to the 
high volume ratio of the oxides formed, resulting in 
considerable interfacial stress, is not valid, because :
(a) Bo oxides were detected either optically, or by micro­
probe analysis, at the grain boundaries of the oxidised 
specimen.
(b) Wukusik did not consider the mechanical properties of the 
internally oxidised alloy.
7 .1 *6 . Cracking of High Aluminium Alloys (22 and 55 wt«%Al)
The observed cracking of BbAl^ at 800 and 900*0, but not 
at higher temperatures, is due to :
.167*
(a) HbAl^ suffers from contamination at intermediate 1 
temperatures; that is-» 800 and 900*0, as supported by 
optical microscopy and hardness measurements, (Fig.87).
(b) No internal oxidation at 950*0 and above; in fact, 
crystals of NbAl^, unoxidised, were found buried in the 
oxide.
Wukusik carried out a relatively approximate diffusion
—11calculation of aluminium in NbAl^ coatings (D 10 at 
1375°0 and D %;:10'"'^  ^at 755*0). He attributed cracking of 
FbAl^ at 7 0 0 * 0 to the inability of aluminium to form a pro­
tective coating due to its slow rate of diffusion, as compared 
to that at 1575*0.
The more accurate diffusion data reported by Arzhany et 
al would seem to suggest that Wukusik's values could have 
been influenced by the affinity of oxygen for aluminium.
The effect of oxygen on the stability of NbAl^ would 
seem to be more important. From the wintering studies, in 
the absence of oxygen, temperatures as high as 1500*0 were 
found necessary to decompose the NbAl^ phase formed after the 
exothermic reaction.
It is suggested here that the effect of oxygen is to 
unstabilize the NbAl^ phase, and thereby increase the 
diffusion rate of aluminium at high temperatures, thus 
permitting the formation of an outer oxide layer, rich in 
aluminium, which inhibits internal contamination.
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The above hypothesis is based on the increased chemical 
activity of aluminium, due to the decreased stability of the 
NbAl^ phase. Two steps are envisaged :
(a) Oxygen solution, NbAl^O^. The bond between aluminium 
and niobium atoms in the NbAl^ lattice is sufficiently 
strong to prevent ^1^0^ oxide formation at intermediate 
temperatures, 7 0 0 to 9 0 0 *0 , and therefore oxygen goes 
into solid solution.
(b) At high temperatures volume diffusion becomes quite 
important, consequently increasing the mobility of the 
aluminium atoms in the lattice. Further, oxygen 
affects the stability of the Nbill^  phase, thus causing 
its dissociation.
The affinity of aluminium for oxygen becomes greater 
than the bond energy between aluminium and niobium atoms in 
the lattice, with the subsequent formation of aluminium oxide. 
This causes a decrease in the activity of aluminium at the 
surface, and the resulting diffusion gradient should promote 
migration of aluminium atoms to the surface. The scavenging 
of the inward diffusing oxygen atoms by the outward diffusing 
aluminium atoms causes the formation of a precipitation front, 
rich in aluminium, and therefore the cessation of internal 
oxidation. Further oxidation takes place by the diffusion 
of defects in the oxide layer already formed.
Wukasik^^^^ attributes cracking to sigma phase formation. 
However, no evidence was available that cracking was
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preferentially through sigma phase regions, although at 
1000*0 sigma normally cracks, while alloys containing sigma 
+ FbAl^ did not do so. This may be attributed partly to 
the small amount of sigma present, yet the same amount of 
sigma was present at lower oxidation temperatures at which 
the 35 wt.%Al alloy cracked, which tends to invalidate 
Wukusik's argument.
Wukusik found that alloys of NbAl^, containing excess 
aluminium, do not crack, whilst those deficient in aluminium 
do crack. Further, the NbAl^ alloy containing excess 
aluminium was found to crack only after long periods of time. 
This observation is a further confirmation that as long as 
sufficient aluminium is present to form a protective oxide, 
and therefore inhibit internal oxidation, the alloy will not 
crack. However, once the excess aluminium was consumed, 
internal oxidation commences and the alloy reverts to 
cracking.
In general, it is suggested :
(a) That cracking is due to the expansion of the lattice as 
a result of oxygen solution, with the resulting hardness 
gradients in the contaminated metal that is formed at 
the grain boundaries.
(b) That cracking ceases once the dissociation of the 
compounds takes place, with consequent reduction in 
hardness gradients across the contaminated metal formed 
near the metal-oxide interface.
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(c) That the formation of a highly protective oxide layer 
on the surface results in a change from internal to 
exclusively external oxidation, in a manner similar to 
that suggested by Wagner^ ^. This would prevent 
cracking due to the elimination of internally stressed 
regions that are generally formed at the grain boundaries.
The question remains as to why the sigma phase shows 
the maximum susceptibility to cracking. The basic 
n a t u r e ^ o f  sigma phases is that they are very brittle, 
and the effect of oxygen solution would be to enhance this 
undesirable property. The greater tendency for sigma to 
crack is shown in Pigs.113 and 114. Some proof that the 
inherent nature of the sigma phase is largely responsible for 
its poor oxidation properties at intermediate temperatures 
is supported by the work of W u k u s i k ^ w h o  found that the 
addition in small amounts of alloying elements, such as 
5 wt.%Si and Sn, inhibit spelling of NbAl^ but not of 
NbgAl; Be, Mg and Zr accelerate spelling, while Ti, if ||
present in amounts greater than 25 atomic percent, inhibits 
cracking of NbgAl and FbAl^. No reason was given as to why 
this is so.
A more recent study of the Ti-Al-Nb phase diagram by 
Popov and Rabezova^^^^^ revealed the existence of a phase. 
Unfortunately, no evidence of its properties are available, 
except that it is adjacent to the TiAl, y compound, which 
has excellent oxidation resistance. This latter compound 
also possesses a wide range of homogeneity. This may
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suggest that (c) could be the possible explanation of 
phase not cracking.
The disappearance of the sigma phase and its replacement 
by a phase based on TiNbAl^, may be the main reason for 
immunity from cracking, as already stated* One of the 
probable ways of overcoming cracking in the sigma phase is the 
formation of another phase more ductile and having better 
oxidation properties by means of alloying. Unfortunately, 
NbgAl is an anomaly, since it has an electron atom ratio of 
^^^(1 0 3 )^  while sigma phases are generally formed between two 
transition elements with an electron atom ratio of 5*7 to 
7.2^^^^). However, some work along these lines may yield 
some interesting results.
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7.2. DISCUSSION
7.2o1. Oxidation Kinetics of Niobium
The observed kinetics of pure niobium in the temperature 
range of 600 to 1100*0, Pig.115, differed to some extent from 
those reported in the literature. It is thought that the 
use of cylindrical shaped specimens, whereby the edge length 
per unit area is relatively small, as compared with sheet 
specimens, reduces the amount of preferential oxidation 
normally associated with edges, thereby revealing the true 
kinetics.
The cubic rate observed at 600*G was associated with 
the formation of an oxide layer, whose calculated thickness 
based on NbOp is about 4.8 x 10~^ cm. This rate cannot be 
attributed to thin film formation, but more likely to the 
preponderance of grain boundary diffusion in the inner oxide 
layer. According to Gulbransen^^^^^, who recently- 
classified oxidation reactions depending on the thickness of 
their oxide film, (Table 20), only oxides between 10~^ to 
10~^ cm. thick were considered as thin films. At 700*0, 
the appearance of a parabolic rate is due to the formation of 
an NbOg oxide scale, 7«2 x 10"^ cm. thick. This is 
confirmed by Inouy's^^^^ observations that parabolic rates 
are associated with NbO^ type oxides under reduced oxygen 
pressures. Further, some earlier work of I n o u y a t  
atmospheric pressure did show a short initial parabolic 
rate (Pig.Gj.-
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At 800*0, niobium showed a rapid increase in the oxidation 
rate, (Fig.8 6 ), with only a transition rate being detected. 
Previous authors did report that the oxidation rate of niobium 
was higher at 800*0 than at 9 0 0 or 1 0 0 0 *0 *
This considerable increase in the oxidation rate for 
unalloyed niobium at 800*0 was attributed by Voitovich^to 
faster diffusion of oxygen through the a-NbgO^ lattice than 
through the g-NbgO^ lattice. However, Wert and Zener^^^^ did 
report a transformation for NbOg at about 7 7 0 °0 , while more 
recently, King et al^^^^^ reported a second order transform­
ation for NbOg in the temperature range of 767 to 817°C. This
could, in some way, be responsible for the disruption in 
kinetics, and therefore lead to faster oxidation rates.
The more complicated behaviour of niobium at 1100*0 is 
probably due to the sintering of the oxide, since niobium does 
exhibit an asymptotic behaviour at 1 2 0 0 *0 ^^\
7.2.2* The Effect of Small Aluminium Additions on OxidationKinetics
In the present work, the lowest composition investigated 
was 2 wt.%Al; therefore, a priori discussion of work reported 
in the literature, on alloys containing up to 2 wt.%Al, may 
help to promote continuity*
The effect of aluminium on the oxidation kinetics of 
niobium in the alpha solid solution region was studied by 
Jaffee et al^^^\ Oox ^ d  Hiller^^^^ and Prokoshkin et al^^^\ 
The addition of up toO.2 wt,%Al resulted in an increase in the 
rate of oxidation at 600 and 800*0, and only in a slight 
decrease at 1000*0 (from weight gain measurements), Table 5*
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Prokoshkin and Vaseleva, on the other hand, reported a 
considerable decrease in oxidation rate of niobium at 1000,
1100 and 1200*0, on adding up to 2 wt.%Al« X-ray studies 
of oxidised Wo + 1%A1 alloy showed a 3-Nb20^ lattice with no 
change in lattice parameters. However, the lattice 
parameters of the P-Nb^O^ lattice were found to diminish 
appreciably on further additions of aluminium. Since no new 
phases were detected, they concluded that AlgO^ must be in 
solid solution with Nb2 0 ,^ which is in agreement with 
Goldschmidt *s^®^^ findings. The considerable reduction in 
the lattice parameters of the Nb2 ^ 5 lattice was attributed to 
the smaller ionic radii of Al^* (*57A) than that of Nb^’^
o(0.66A). The overall decrease in the oxidation rate was 
attributed to the slower oxygen diffusion through the alloy 
scale.
Cox and Miller conducted their experiments in oxygen 
saturated with moisture at 18*0. Their results show very 
high oxidation rates and are considered to be inconclusive.
Prom present work, alloys containing 2 wt,%Al showed a 
substantial decrease in oxidation rate, not only at 1000 and 
1100*0, but also at 700, 800 and 900*0, (Pigs.30, 31, 32 and 
33), and are therefore in agreement with Prokoshkin*s work.
An interesting observation from Jaffee’s results is that alloys 
containing 1.3 wt.%Al nominal, have lower hardness than 
unalloyed niobium (Table 5)* This could suggest that the 
effect of aluminium, when present in small amounts, is to lower 
the concentration of interstitial elements, namely, oxygen and
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nitrogen, in niobium, with consequent drop in hardness,
since the addition of aluminium to niobium should result in
solid solution hardening due to elastic interactions between
dislocations (screw and edge) and substitutional solute 
(110)atoms^ The drop in the concentration of interstitials
in niobium should result in a steeper concentration gradient, 
and consequently faster oxygen diffusion in the matrix.
This is confirmed, to some extent, by the deeper oxygen pene­
tration in dilute Nb-Al alloys, as compared with its 
penetration in unalloyed niobium, (Table 6). It is therefore 
concluded that the faster oxidation rates observed by Jaffee 
et al, with very dilute Nb-Al alloys, are due to their higher 
purity or lower interstitial content, than unalloyed niobium, 
and only when the aluminium content is sufficiently high 
(greater than 1 wt,%) will it begin to lower the oxidation 
rate of niobium. Unfortunately, no mention of the various 
oxidation kinetics was made by any of the previous 
investigators, and it would be difficult to assess their 
results purely from values of oxidation rates*
7 .2 .3 . g-solid Solution Alloy
The considerable improvement in oxidation resistance at 
700*0 for alloys containing 2 wt,%Al is associated with the 
appearance of a coherent black oxide layer of NbOg type, as 
shown by probe microanalysis.
The NbOg oxide, having a volume ratio of 1.83, which is 
lower than that of a-Fb^O^, should result in lower interfacial
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stresses. Further, since FbO^ is a dense and adherent oxide, 
subsequent oxidation takes place by a diffusion controlled 
process through a parabolically thickening oxide. IVhile 
unalloyed niobium at 700*0 shows a parabolic rate, lasting 
for 30 minutes, the 2 wt.%Al alloy showed a parabolic rate 
lasting for the duration of the experiment - 24 hours. -Thip 
would seem to suggest that the effect of aluminium is to 
stabilize the lower valency oxides of niobium, thus 
suppressing the formation of a-NbgO^.
The above hypothesis is well supported by both micro­
scopic and microprobe analysis. Microscopic examination, 
using polarised light and dark field illumination, revealed 
a dark inner oxide layer, quite thin, followed, towards the 
outer surface particularly at edges, by a light coloured 
texture, whereby the inner oxide merges into the outer oxide.
Short, one hour, oxidation tests were conducted on all 
the alloys studied; in most cases no white oxide was 
detected on the surface, while in others, depending on 
oxidation temperature, small white nuclei were observed on a 
dark background (inner oxide).
It was therefore established beyond doubt that the 
parabolic rates were associated with the formation of a 
coherent inner oxide layer.
The composition of these inner oxides were determined 
by micro probe analysis and, as can be seen from Table 14, 
they are relatively rich in aluminium; also, niobium exists 
in the form of NbO or NbOg.
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The reappearance of a parabolic rate at 9 0 0 * 0 seems to 
confirm, to some extent, that the preponderance of a trans­
ition rate at 800*0 cannot be due entirely to the poorer 
properties of g-NbgO^, as suggested by Voitovich, or to its 
faster nucléation.
Since g-Nb^O^ is highly crystalline, at 900*0, once a 
continuous layer of g-NbgO^ is formed, a linear rate appears. 
Although due to the transformation a-NbgO^ -> p-NbgO^, the 
nucléation of O-HbgO^ may be slowed down at 9 0 0 *0 ; therefore, 
permitting the growth of NbO^ layer beneath. The effect of 
the earlier reported transformation for NbOg in disrupting 
the kinetics at 800*0 cannot be ruled out, and it is 
suggested that this transformation is responsible for the 
general deterioration in the oxidation kinetics of niobium 
and solid solution Nb-Al alloys.
The appearance at 1000 and 1100*0 of a short transition 
rate, followed by a linear rate, and the disappearance of 
the parabolic rate, is due to the rapid transformation of 
NbOg to caused by more rapid diffusion and faster
reaction rates at the higher temperatures, coupled with the 
unstability of NbOg.
The activation energy of the linear process associated 
with adsorption and solution of oxygen during initial stages 
of oxidation was found to be 25 K.cal/mole, Pig.1l6, which is 
quite close to that reported by Jaffee et al. of 28 K.cal/mole 
for the diffusion of oxygen in dilute Fb-Al alloys and the
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one calculated here of 29.3 K.cal/mole. It is suggested 
that the mechanism responsible for the linear process in 
oxidation is similar to that for the oxygen diffusion in the 
matrix.
The activation energy associated with the parabolic 
constant is about 17 K.cal/mole, (Pig*116)*
7*2.4. The Transition Rate
One characteristic associated with the alloy dealt with 
so far is the appearance of a transition rate following the 
parabolic rate.
According to Stringer^^\ two possible mechanisms can 
account for the observed transition rate :
i) That the inner oxide layer cracks on reaching a 
critical thickness with the average process 
becoming linear in the long run.
ii) That the inner oxide, once it reaches a critical
thickness, begins to transform to a porous and non- 
pro tective oxide layer, thereby resulting in a 
linear process.
In order to ascertain the type of mechanism associated
with the transition rate, calculations were carried out
(105)using the model proposed by borders^ and which was
subsequently employed by Webb, Norton and Wagner^^^^ in the 
study of the transition rate for tungsten. Considerable
•179-
agreement was found by Webb et al. between the calculated and 
the observed values of the transition rate, from which they 
postulated that mechanism (ii) prevailed with tungsten. 
According to Loriers, the transition from parabolic to linear 
rate law occurs when the primary oxidation product is a non» 
porous oxide which transforms to another porous oxide by the 
takeup of additional oxygen. The rate of formation of the 
primary oxide is assumed to be inversely proportional to its 
thickness, whereas the rate of transformation to the porous 
oxide is assumed to be constant.
Then one has the rate equations :
3# = $   (68)
da = f.b  ..... (69)dt
y = mass of oxygen in the barrier layer/unit area at time, t,
z - mass of oxygen in the outer porous layer, f =
oxygen content/gm metal atom in outer layer  ^ and a and b are oxygen content/gm metal atom in inner layer
constants.
The total amount of oxygen per unit area, equal to the 
increase in mass per unit area, is
Am/A « y + z  (70)
For short times, when the barrier layer is thin and thus y is 
relatively small, the first term on the right hand side of 
equation (68) predominates. Consequently, the constant a may 
be calculated as
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a « lim i
t=0 at f(rf) =    (71)
Hence, a is one half the rate constant, of the parabolic 
rate law of Pilling and Bedworth^
At longer times the amount of oxygen in the barrier 
layer tends to a limiting value when the rate of
formation of this layer is equal to the rate of transformation 
to the non-porous oxide.
From equation (68), it follows that
^max =............................................................................ ..............  (?a )
If y = Fjaax’ rate of change in mass per unit area is 
essentially equal to dz/dt.
Hence, from equation (69)
bf = lim fd(Am/A) 1 = IC ...... . (73)t ~ OO L dt J
Where is the rate constant of the linear rate law valid 
for long oxidation times. On this basis, Loriers has 
explained qualitatively the gradual transition from a 
parabolic to a linear rate law observed for ceriurn^^^^^. 
Subsequent measurements by Gubicciotti^^^^^ are in accord 
with this and similar behaviour has been observed for the 
oxidation of u r a n i u m ^ . Further, according to Webb et 
g^ l(43) ^ integration of equations (6 8 ) and (6 9 ) yields :
In (1 - by/a)”  ^- by/a = b^ t/a .. . ... (74*)
Z = bft.................... ... . (73)
— 18*1—
whereby the values of y and Z in equation (70) as functions 
of time are determined.
Introducing the auxiliary values :
X = In (1 -   (76)
X = b^t/a   (77)
equation (74) may be rewritten as :
X - (1 - e“^) = X   (78)
Prom the plot of log X calculated from equation (78) versus 
log X, one may obtain the value of X for a given value of T = 
b^t/a. Substitution of equations (74) and (73) in. equation 
(7 0 ) yields :
Am/A = (a/b) In (1 - by/a)"^ + b(f-1)t   (79)
Am/A ~ (a/b) (80)X + X (f - 1)
In this way, Am/A may be calculated for any time (t) for a 
comparison with the observed values, in order to check the 
applicability of the rate laws assumed in equations (58) and 
(69).
The composition of the inner oxide was determined using 
microprobe analysis, from which it was found, f = 1 .2 5 *
From equations (71) and (73), a and b were evaluated. 
Values of and K^, as listed in Table 21 and Fig.117, 
show that the observed oxidation curves generally agree \/d.th 
the calculated curves. The slight shift in the experimental 
curves is due to the fact that these alloys undergo internal
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oxidation, and on subtracting the weight of dissolved oxygen 
from the total weight gain, the theoretical and experimental 
values almost coincide. It is therefore concluded that 
mechanism (ii) prevails for some of the niobium alloys studied, 
particularly at 900*0 and above.
7.3. g + B Alloys
Increasing the aluminium content to 4*3% results in the 
appearance of B-phase. However, the g-phase remains the 
continuous phase.
Apart from an overall drop in oxidation rate of alloys 
containing 4.3 wt.%Al, as compared to those containing 
2 wt.%Al, some changes in the oxidation kinetics were obseryed. 
The deviation at 7 0 0 * 0 for alloys containing 4.5 and 6 wt.%Al 
from a predominantly parabolic rate in 2 wt.%Al alloy to a 
short cubic rate, followed by one in which n = 1.7 for the 
4 . 3 wt.%Al alloy, and again to a cubic rate followed by a 
transition rate in which n « 1.33 for the 6 wt.%Al alloy, might 
imply some deterioration in kinetics although the overall 
oxidation rate is much lower.
One interesting aspect in the oxidation characteristics 
of 2, 4 . 3 and 6 wt.%Al alloys at 700*0, is the preponderenoe 
of non-planar interface oxidation coupled with the appearance 
of oxide streaks, The streaks tend to grow at grain 
boundaries and are generally parallel to the surface of the 
specimen; further, they tend to be high in aluminium, as
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shown by microprobe analysis. At higher temperatures they 
tend to become unstable, and eventually disappear at about 
800 to 850*0, when oxidation becomes planar, characterized 
by a precipitation front. Since the nucléation of NbOg would 
take place preferentially on these streaks, because of the 
better fit and therefore lower interfacial stresses at oxide 
metal interface, brought about by the more gradual change in 
volume ratio from sub-oxide to NbO^, a non-planar type of 
interface is formed with the oxide reaching a critical thickness 
at various points. A similar behaviour was observed for 
tantalum, when oxidised at 1000*0, by Stringer^^^.
7 .3 .1 . Transition Rate - Factors relating to Inner Oxide
The transition rate for these alloys at 700*0 may be 
explained as follows.
The NbOg tends to reach a critical thickness first at 
certain points, and in so doing it cracks due to the uneven 
stresses at the metal-oxide interface. Since this process 
is repeated at various points on the surface, a transition 
rate, leading to a linear rate, results. It is suggested 
here that mechanism (i) may prevail, since no NbgO^ was 
observed to form on alloys containing 4.5 or 6 wt.%Al when 
oxidised at 7 0 0 *0 .
At 800*0 a transition rate was observed similar to that 
with 2 wt.%Al alloy, while at 900*0, the effect of increasing 
the aluminium content of the alloy was to prolong the duration 
of the parabolic rate which may be attributed to the slower
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rate of growth of the inner oxide due to :
(a) slower oxygen diffusion through the matrix.
(h) high aluminium content of the oxide, slowing down 
diffusion of reactants across the oxide layer, 
and therefore its rate of growth,
Lorier*s mechanism still prevails for alloys containing 
4.5 wt,%Al at 900*0 and above, (Fig.118).
Alloys containing 6 wt.%Al, in which the B-phase is the 
continuous one, show a rate in which n = 4 at 900*0. The 
calculated thickness of the oxide is about 10~^ cm. which, 
according to Gulbransen^^^^\ may be classified as a thick 
scale. The general mechanism proposed here is based upon 
that proposed by I r v i n g ^ f o r  the preponderance of grain 
boundary diffusion in the oxide. The model is based upon 
the determination of the distance from the source at which a 
given concentration level is found at successive stages.
This method is necessary because growing oxide films are 
assumed to have a constant concentration difference across, 
as in Wagner’s model for parabolically thickening oxide.
For bulk diffusion this distance is proportional to
....... (81)
iJhile for grain boundary diffusion is proportional to
   (82)
These two laws are limiting cases. Therefore, depending on 
the relative effects of grain boundary and bulk diffusion,
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various intermediate kinetics may be observed,
7 .5 .2 . Transition Rate. Higher Temperature Factors relating 
to Outer Oxide
Microscopic examination of oxides formed on dilute 
Nb-Al alloys at 1000*0 and above revealed the existence of a 
layered structure, Fig. 119, with the number of layers 
decreasing as the aluminium content of the alloy increased. 
Further, as the number of layers decreased the oxidation 
kinetics improved, Table 22.
The improvement of oxidation kinetics at 1000*0 and 
above, associated with increasing the aluminium content of the 
alloys, may be attributed to the following factors ;
(1 ) Slower rate of transformation of inner oxide to outer 
oxide (NbpOc),due to the decrease in the rate of 
transport of reactants through the inner oxide to etxidn/ 
oxide interface, confirmed to some extent by overall 
decrease in the thickness of the outer oxide, and 
therefore in the number of layers formed.
(2) The decrease in the number of layers formed results in a 
drop in interfacial stresses between the various 
layers, with consequent decrease in plastic deformation 
of the layers, and therefore a drop in interfacial 
porosity and volume porosity. The latter implies that 
the oxide is becoming protective, with lattice diffusion 
predominating, rather than gaseous diffusion through
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pores, thereby slowing down the reaction at inner 
oxide/outer oxide interface,
(3) The effect of aluminium in decreasing the volume ratio 
of NbgOc, and also in improving its strength and 
plasticity.
One of the advantages of reducing the porosity and
improving the properties of NbgO^ is to promote diffusion '
through lattice defects and grain boundaries, particularly in
(128)the intermediate temperature range. Kofstad^ and co-
workers showed by diffusion of Fb in sintered specimens of 
Fb2Û^ and in the temperature range of 800 to 1200°C, that the 
process is predominantly a grain boundary diffusion. The 
latter observation should account, to some extent, for the 
improvement in kinetics in alloys containing 6 wt,%Al at 
1000 and 1100*0, because of the increase in grain boundary 
area for diffusion to take place.
7 .3 .5 . Misfit due to the Formation of a Layered Structure
Due to the high volume ratio of FbgO^ (2,68), the 
formation of a second Fb2Û^ layer beneath results in 
expansion of the specimen; thus the first FbgO^ layer formed 
will be pushed outwards to accommodate this expansion. This 
latter process can take place either by cracking of the outer 
layer, or more likely, at high temperatures, by plastic 
deformation accompanied by a reduction of its thickness.
Assuming a certain degree of fit between the first and 
second layer, the more numerous the number of layers formed
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the greater is the severity of the stress at the oxide/oxide 
interface between the- layers. Oonsequently, rupture may 
occur, resulting in the formation of porosity with subsequent 
reduction in area through which diffusion of defects may 
take place. Further, a highly porous oxide is mechanically 
weak and unprotective.
7 .3 .4 . Interpretation of the Kinetics associated with
Layered Structures
Examination of the layered structures showed that the 
individual layers decrease in thickness as the oxide/gas 
interface is approached, with the thickness of the outermost 
layer being extremely small and tending to rupture in the 
lower aluminium alloys. Considerable plastic deformation is 
exhibited by the oxides at high temperatures.
The following physical model is suggested to account, 
if only in part, for the overall improvement in oxidation 
kinetics associated with the outer oxide formation.
= (Cn^ f Cug + Gn^ + .....Gn^) =
constant after a time (t) ........ (83)
= thickness of outer oxide after a time t, 0 = critical 
oxide thickness associated with innermost layer of the outer 
oxide, Uyj, ng) etc. are factors depending on amount of 
plastic deformation and number of layers formed, 1<n^<n2<n^, 
<Gn^, the thickness of the outermost layer being very thin.
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The above hypothesis is based on the following 
observation that as the number of oxide layers increases, 
the thickness of the outermost layer decreases and eventually 
becomes extremely thin. This implies that the outer oxide 
would then become of almost constant thickness, and a 
linear rate should therefore ensue, further oxidation 
resulting in a deposit that breaks away.
The value of Cn^ depends, to a large extent, on the 
plastic strength of the oxide at the oxidation temperature.
A low plastic strength and a rapid oxidation rate means a 
relatively short time to commencement of linear rate.
Plastic deformation between oxide layers results in misfit 
at the interface between any two layers, with consequent 
formation of porosity, thus reducing the surface area for the 
diffusion of defects and causing the formation of a porous 
and permeable oxide layer. A large number of layers would 
therefore result in a highly porous oxide.
7 .3 .5 . Properties of NboOi^ /AloOT
The effects of alumina on the intrinsic properties of 
NbgO^ are
(a) to lower its conductivity,
(b) to decrease its volume ratio.
Conductivity measurements of composites containing 10 
to 50 molecular percent alumina showed a considerable drop 
as the alumina content was increased beyond 13 molecular
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percent o Examination of Goldschmidt's findings in the
- AlgO^ system (Table 4) shows that NbAlO^ forms in 
compacts containing approximately 15 molecular percent alumina.
The actual break observed in the conductivity curves fpr 
sintered specimens (Fig.Ill) is attributed to the formation 
of NbAlO^.
Conductivity may be used as an indication of a lower 
rate of oxidation, as suggested by Thomas and Price^^^\
Mayo et al^^^\ investigating the oxidation properties of Fb- 
Or alloys and some physical properties of FbCrO^, found that 
increasing the percent of FbCrO^ in the oxide was accompanied 
by a drop in oxidation rate and in conductivity. The 
considerable decrease in the oxidation rate of niobium at 
high temperatures, due to alloying with aluminium (Table 10) 
is attributed to the improvement in the properties of Fb2 0 ,^ 
brought about by alumina, particularly the formation of 
FbAlO^.
The effect of alumina on the volume ratio of FbgO^, 
when present in solid solution, may not be appreciable.
However, the considerable refinement of the grain size that 
was observed by Protoshkin and Vasileva, on adding up to 
2 wt.%Al, is thought to have a considerable bearing on the 
properties of FbgO^, FbgO^, which is relatively brittle, 
becomes much more compact and of greater strength when alloyed 
with alumina. This is confirmed to some extent by the much 
higher hardness of the outer oxide as its alumina content 
increased.
-190-
7*4. Oxidation Characteristics of B and a Phase Alloys
Alloys containing 9 wt.%Al, oxidised at 1000 and 1085*G, 
show a near parabolic relationship and a transition rate 
respectively (n ~ 1.9 at 1000 and 1.54 at 1085*0).
Examination of the outer oxide showed a single layer. The 
appearance of a transition rate at 1148*0 (in which n = 1.6) 
is attributed to the formation of a multi-layered structure 
in the outer oxide. A similar behaviour was noted for both 
12% and 14.5%A1 alloys. However, the overall deviation from 
the parabolic behaviour is not appreciable, since the number 
of layers in the outer oxide is relatively small (2-5 layers). 
Therefore, the amount of misfit at the interface between the 
various oxide layers and the porosity generated is relatively 
small. Thus, a Wagner type diffusion controlled mechanism 
is suggested for the thickening of the outer oxide, 
particularly during the first 10 to 15 hours of oxidation. 
Further, a considerable amount of NbAlO^ is present in the 
outer oxide of alloys containing more than 9 wt.%Al; this 
causes considerable reduction in the volume ratio (Table 1) 
and conductivity, with subsequent reduction in oxidation rate 
at high temperatures.
Correlation of the oxidation kinetics and microscopic 
examination of alloys containing 9» 12, 14.5, 22 and 55 wt.%Al 
showed that all the initial parabolic rates are associated 
with the formation of an inner oxide layer. The nature and 
composition of this layer was determined by microprobe 
analysis (Tables 14,15 and 16), which showed that lower
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niobium oxides were stabilized* However, no enrichment in 
aluminium, similar to that observed in alloys containing 
6 wt,%Al or less, was detected, the reasons for which are 
discussed fully in the section on microprobe analysis.
('135')The general model suggested by Wagner^ , for the 
oxidation of an. alloy, may be applied to the present system. 
Since niobium forms a number of oxides, it is more likely that 
NbgO^ will be reduced by aluminium to a lower oxide than to 
niobium, with the consequent stabilisation of the lower 
oxides of niobium at the metal/oxide interface. The latter 
is helped to some extent by lower partial pressure of oxygen 
at the metal/oxide interface, rather than at the oxide/oxide 
or oxide/gas interface.
The same considerations apply to the work of Wlodek^^^^ 
and, from the evidence put forward, it is reasonable to 
suggest that the role of the alloying elements, aluminium and 
vanadium, is to stabilize lower valency oxide of niobiim, with 
the consequent reduction in interfacial stress at the metal/ 
oxide interface, because of their lower volume ratios. This 
results in the formation of coherent and protective oxide 
films•
Further, the effect of the alloying elements, aluminium 
and vanadium, is to improve the intrinsic properties of the 
lower valency oxides of niobium. This was shown by Wlodek, 
who found that although FbO oxidises to NbgO^ as rapidly as 
unalloyed niobium, a sample of NbO containing small amounts
^ 9 2 -
of aluminium and vanadium in solution reacted with dry
oxygen at 871*0, at a parabolic rate for the first ten hours
before oxidising in a linear manner (parabolic constant Kp =
5.61 X 10"^, and Ke ~ 1 x 10'"^ ). At 800*0, the sample
oxidised at a rate which fitted cubic kinetics, - 5-75 % 
10“5.
The above observations are a further confirmation of the 
observed parabolic and cubic rates associated with the inner 
oxide layers of the various Fb-Al alloys under study.
The appearance of a cubic rate at 800*0 cannot be 
attributed to thin film, but more likely to preferential 
grain boundary diffusion, as was proposed earlier for dilute 
niobium-aluminium alloys.
7 .5 . Limiting Conditions for the formation of a Highly
Protective Oxide Film
According to Wagner^^^^^, in an alloy (A-B), exclusive 
formation of the oxide of an alloying element (B) will only 
occur if B diffuses with a sufficient rate towards the alloy- 
oxide interface, with the diffusion rate being determined by 
the difference between the bulk concentration and the local 
concentration at the alloy-oxide interface.
Wagner derived the following equation, from which the 
minimum concentration for the exclusive formation of the 
oxide of element B is obtained
Nt, (min) = 'I •   (84-).C
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G = number of gm* atoms of metal per unit volume, =
parabolic constant, calculated from Pilling and Bedwortb's 
relationship,
KpB = (Am/A)^/t
Am/A =s mass increase of sample/unit area, D = inter diffus ion 
coefficient.
Calculations based on this formula gave =
0.006* However, even at values of equivalent to 0.179 
oxides of niobium and aluminium were formed, with aluminium 
oxide being the major component. It is probable that the 
interdiffusion coefficient for aluminium may have been 
significantly influenced by the oxygen atmosphere, as can bp 
seen from a comparison of the diffusion coefficient given by
pWukusik of 10 cm /sec. at 7 5 3 °0 , and that given by 
Arzhany et al. of 2.48 x 10*“*^ cm^/sec. at 700°C, thus lowering 
the flux of aluminium to the metal/oxide interface with the 
consequent oxidation of niobium.
It is not clear whether this formula indicates the 
maximum concentration for nucléation of the oxide of B or 
minimum concentration for exclusive formation of the oxide of 
A. Log Am/A was plotted versus mole fraction of aluminium 
for the Nb-Al system at the temperature 700°C, at which 
preferential oxidation of aluminium was most pronounced,
(Fig, 120). A continuous decrease in log Am/A is shorn as 
the concentration of aluminium increased, reaching a minimum 
at 6 to 6 . 5 wt.%Al (0.184 mole fraction). Any further 
increase in the aluminium content of the alloy towards
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9 wt.%Al ( . 2 5 mole fraction) showed an increase in log Am/A, 
dropping off slightly as the aluminium content of the alloy 
increased towards 50 wt.%Al,
Microprohe analysis revealed that a considerable 
enrichment of aluminium takes place in the inner oxide layer, 
so that alloys containing 5 wt#%A1 show at least a six-fold 
increase in the aluminium content of the inner oxide. On the 
other hand, in alloys containing 9 wt.%Al and above, only a 
slight enrichment is shoim. The latter is attributed to the 
relative stability of compounds and to the small value of 
the diffusion coefficient of aluminium in compounds, as 
compared to its value in the a-solid solution. Since, as 
already stated, diffusion in oxide rich in aluminium is slow, 
it is possible to understand why alloys containing 6 wt.%Al 
should show a minimum in the oxidation rate at 7 0 0 *0 .
7 .6 . Other Effects of Alloying Aluminium with Niobium
7 .6 .1 . Effect of Alloying on the Depth of Pont amination
Aluminium additions were found to limit the extent of 
oxygen contamination by reducing its diffusion rate, as shown 
in the section on internal contamination. According to 
Wlodek^ aluminium and vanadiun decreased the lattice
parameter of niobium; they also reduced the octahedral space 
available for the interstitial solution of oxygen, and 
therefore lowered oxygen solubility. On the other hand, 
titanium and zirconium increased oxygen solubility.
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Additions of zirconium were found to increase the lattice 
parameter of niobium, while titanium, although it decreased 
the octahedral space of niobium, caused a definite increase 
in the lattice constant.
One by-product of alloying with aluminium was to lower 
the oxygen activity in the unoxidised metal* thus reducing 
the concentration gradient that activates the diffusion 
process and subsequently slowing down oxidation.
7 .6 .2 . The Effect of Alloying on the Stability of Lower
Valency Oxides of Niobium
Numerous investigators have reported the presence of 
an adherent inner oxide layer on oxidation resistant alloys. 
The present work showed that additions of aluminium tend to 
stabilize lower oxides of niobium, particularly at inter­
mediate temperatures. These oxides are important, since they 
are associated with desirable kinetics, e.g. parabolic, cubic, 
etc. , as was shown in the section on kinetics. Subsequently, 
their stabilization is important, since it would mean lower 
oxidation rates.
The results can be explained by consideration of the 
role of alloying elements, as follows
(1) To increase the critical thickness of the oxide
layer, and therefore increase the time required to 
reach the brealc-away stage, or
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(2) To slow down the rate of diffusion of reactants
through the oxide and therefore its rate of growth.
Microscopic examination of inner oxides showed that an 
aluminium addition of 2 wt.% stabilized and thickened the inner 
oxide. However, further additions caused little or no change 
in thickness, but a greater continuity was noticed, 
particularly with alloys high in aluminium. The latter 
observation could be attributed to greater strength of alloyed 
oxide, since hb0 2 formed on unalloyed niobium is relatively 
unstable and cracks readily on cooling to room temperature, 
further, at 900°0, increasing the aluminium content from 2 to 
6 wt.% lengthened the duration of the desirable kinetics 
associated with the inner oxides from 45 minutes in the former, 
to 2-J hours in the latter.
Since no increase in critical oxide thickness, both 
calculated and measured, was noted, the effect may be 
attributed to the slowing down of the diffusion process through 
the oxide, and therefore its rate of growth.
Two possible mechanisms are envisaged here, to account 
for the slower diffusion through the low valency oxides of 
niobium i
(1) Aluminium reduces HbgO^ to Hb02 or FbO, depending on the 
flux of aluminium at the oxidation temperature. Because of the 
coherency of FbO and HbOg, a diffusion-controlled process 
prevails during oxidation.
This mechanism may predominate in alloys showing 
preferential oxidation of aluminium, due to the greater 
affinity of the latter for oxygen. However, this effect 
may only talce place at low temperatures, when the difference 
in the thermodynamic affinities of aluminium and niobium for 
oxygen is quite large, and in alloys containing up to 6 wt.%Al, 
since no preferential oxidation was noted in those containing 
more than 9 wt.%Al at intermediate and high temperatures.
The mechanism suggested by Voitovich, who studied the 
kinetics of oxidation of Hb + 10, 30, 50, ?0 and 90 wt.%Al 
alloys in the temperature range of 5 0 0 to 9 0 0 *0 , is based 
upon the calculation of the equilibrium constants in the 
oxidation reduction reactions of HbgO^ (fig. 16).
^HbgO^ + 1 0A1 -> 5AI2O3 -I* 6Fb ....... (8 5 )
Unfortunately, the above reaction involves liquid
aluminium and solid Fb^O^, with the consequent rapid reaction 
rates. This may take place in alloys rich in aluminium, and 
which may contain a liquid phase at the oxidation temperature. 
However, in the refractory range only solid-solid reaction 
occurs and since the activity of aluminium in compounds of 
Fb^Al, FbgAl and FbAl^ is very low, as was shown from earlier 
analysis of the sintering results, the tendency of the above 
reaction to proceed to completion is probably remote. A 
more likely occurrence is for the reduction of to lower
oxides of niobium and hence stabilization of the inner oxides,
The extent of the latter depends on the flux of aluminium to
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the reaction interface at the oxidation temperature.
(2) The role of alloying element, in affecting the 
oxidation of niobium,will depend primarily on its influence 
on the concentration of the lattice defects in the oxide; 
the latter will depend on the valency which the alloying 
element acquires in the inner oxide. Inouye^^^^ and 
Ebfstad^^^) showed, in the oxidation of unalloyed Fb (at low 
oxygen pressures), that FbOg is associated with a parabolic 
oxidation rate, thus indicating that a diffusion controlled 
process predominates during oxidation. Present opinion^^^^)enton the conducting nature of FbOg is that it is metal deficit. 
On the other hand, Kofstad^^^^ suggested that FbOg may be «n 
anion interstitial semi-conductor because of the degree of 
dependence of the oxidation rate on partial pressure of 
oxygen. In both cases, the addition of Al^ *^  ions to FbOg 
should reduce the defect concentration of the lattice, and 
therefore the oxidation rate. further, as the alumina 
content of the oxide is increased, diffusion processes become 
slower, since diffusion in oxides rich in alumina is very 
slow^ . This trend becomes quite distinct in the present 
work, where the effect of increasing the aluminium content 
of the alloy leads to an appreciable decrease in the value 
of the parabolic constant generally associated with tte 
inner oxides, as shown in Table
In conclusion, from the present work and Wlodek’s on 
Fb-Al-V alloys, the stabilization of lower niobium oxides
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(FbO and FbOg) definitely leads to improvement in the 
oxidation characteristics of niobium. These oxides are 
adherent, which implies that they act as barriers to further 
oxidation, except by diffusion of defects across the oxide*
There remains one further aspect, which is the effect 
of alloying on the strength of these oxides. The only 
possible guide here is the fact that after cooling, alloys 
rich in aluminium show an almost continuous inner oxide, 
while those of low aluminium content show a heavily cracked 
inner oxide. The former oxides are also associated with 
higher hardness levels, which may be used as a measure of 
their strength.
Thus, increased mechanical and physical stability of 
inner oxides, coupled with a slower rate of growth on 
alloying, are considered here to have contributed 
considerably towards lower oxidation rates.
7 .6 .3 . The Effect of Alloying on the Deviation from 
Stoichiometry and Plasticity of Fb^O^
FbpOc is an n-type semi-conductor^Blumenthal'
C127')et al noted that as the temperature was increased from
889 to 1 0 9 0*0 , the deviation from stoichiometry widened from 
FbpO^ 887 HbpO^ The increased anion vaaency
concentration with temperature was considered to account for 
the greater plasticity exhibited by FbpO^ at 1000*0 and above.
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The addition of trivalent aluminium ions (Al^ **") to 
FbpO^, according to Wagner*s concept of semi-conducting 
oxides, should increase the anion concentration and hence the 
rate of reaction. Since
2Fb/metal -> + 50^ "" O  /O + 10e ,«,••• (86)
applying the law of mass action,
10/0 ] ej^ = constant .......(87)
The addition of Al^^, by decreasing the concentration of 
electrons in the conduction band, as shown by the decrease in 
conductivity, (Pig,110), increases the concentration of 
defects at the metal/oxide interface, and hence the rate of 
diffusion.
However, due to the poor properties of unalloyed FbgO^, 
which is generally porous and brittle, increasing the anion 
defect concentration not only improves plasticity ■'but also 
leads to faster sintering kinetics, and therefore an overall 
decrease in porosity.
These improvements in properties result in NbgO^ 
changing from a non-protective and porous oxide to a protective 
one, with the rate-controlling process being the diffusion of 
oxygen anion vacancies. This is confirmed, to some extent, 
by the improvement of oxidation kinetics associated with the 
outer oxide, on increasing the aluminium content up to 
6 wt.% (Table 22) dilute alloys, at 1085^0.
Examination of oxidation products showed :
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(1) A decrease in their overall thickness,
(2) A decrease in the number of layers.
(3) Lower porosity,
(as the aluminium content of the alloy is increased from 0 
to 6 wt.%).
The beneficial effect of aluminium also might be due to 
its small ionic radius^®^\ and its effect on the FbgO^ 
grain size^^^\
Prokoshkin and Vaseleva^^^^ noted, using X-ray analysis, 
that up to 2 wt,%Al results in considerable refinement of the 
FbgO^ lattice. It is therefore probable that the effect of 
small alloying additions is to improve the intrinsic 
properties of as suggested earlier.
7.6.4. Formation of Complex Oxides
When the alloying element is present in sufficient 
concentrations to form double oxides, for example FbAlO^, 
FbOrO^, FbgO^* Ti0 2 , NbgO^. ZrO^, etc., the oxidation 
characteristics of the alloys show a considerable improvement. 
Further, in a survey of the effect of Fi, Or, Ti, Zr, Co and 
Fe on the oxidation rate of niobium showed that the minima 
in the oxidation rate is almost invariably associated with 
double oxide formation#
From present work, increasing the aluminium content of 
the alloy up to 22 wt.%Al resulted in a parabolic rate of
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oxidation, which, could be associated with outer oxide 
formation, thus indicating a diffusion-controlled process.
Fig. 121 shows the improvement in oxidation kinetics of Nb-Al 
alloys as the amount of FbAlO^ in the outer oxide is 
increased. The oxidation products of alloys containing 
22%A1 consist mainly of NbAlO^.
Mayo et al^^®^ measured some of the physical properties 
of FbCrO^. Further, they estimated the extent to which the 
double oxide might hinder diffusion by comparison with a 
spinel structure, Table 2.
From this they concluded that the niobate^^^^ was 
promising as a diffusion barrier. This was confirmed by 
their oxidation tests on Fb^Cr alloys, which are given in 
Fig.122, with alloys containing 50 atomic percent Or, showing 
a parabolic rate of oxidation associated with outer oxide 
formations; the latter being mainly FbCrO^*
Since little is known about the stoichiometry of these 
complex oxides, the conductivity measurements which were 
carried out on specimens containing up to 50 molecular percent 
alumina, showed that ;
(a) NbAlO^ is an n-type semi-conductor, because the variation 
of its conductivity with oxygen pressure was similar to 
that ofan n-type semi-conductor.
(b) The conductivity of FbAlO^ was lower than that of FbgO^ 
by a factor of more than 20 at 1010*0.
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According to Price and T h o m a s ^ a  low conductivity 
may indicate a slow diffusion through the oxide layer, and 
therefore a slow oxidation rate. This is confirmed to some 
extent hy the considerable reduction in the oxidation rate of 
Nb-Al alloys as the 'aluminium content is increased towards 
22 wt.% (at high temperatures).
Kofstad and Ande rson^studied the deviation from 
stoichiometry for pure NbgO^ in the temperature range of 900 
to 1400*0, using a gravimetric method. They found that
Weight loss a
They also concluded from their model that conductivity should 
also be proportional to According to the model
they proposed, this relationship indicates that NbgO^ is an 
n-type semi-conductor with oxygen vacancies, in which the two 
trapped electrons are completely ionized.
Greener and Whitmore^^^^^, on the other hand, found from 
their conductivity measurements in the temperature range of 
300 to 9 0 0 *0 , that
conductivity a p0 2~^^^  (62)
Their model was based on complete ionization of the first 
electron, while the second was negligibly ionized.
The relationship found by Kofstad et al was later 
confirmed by Blumenthal et al^^^^^.
In our present study of conductivity of Nb20^, the 
following relationship was obtained i
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E % (at 1050°C)    (64.)
Hence, it was deduced from the models suggested earlier that 
the electrons in some of the oxygen vacancies were completely 
ionized, while in others only one electron was fully ionized.
According to Kofstad, the effect of impurities may 
somewhat vary the pressure dependence of conductivity.
Additions of 10 and 25 molecular percent alumina to FbgO^ 
showed the following deviation :
K a for lO^AlgO,   (65)
and ........
K a for 25%AlgO, ......... (65)
However, additions of as much as 50 molecular percent alumina
resulted in * . . .
K a p o g - l/S 'G    (67)
although FbAlO^ is an n-type semi-conductor, it is not loiown 
whether it is metal excess or anion deficient. The latter 
is assumed.
According to Kofstad, at or close to stoichiometry, the 
concentration of electrons may he considered approximately 
constant, resulting in
[oxygen vacancy] total oc pog"^
The deviation towards stoichiometry, which may be implied 
from equation (67) may explain the slower diffusion associated 
with FbAlO^, because of the lower oxygen vacancy concentration, 
and therefore lower migration or diffusion of oxygen ions in
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the oxide, with consequent decrease in rate of growth (since 
oxygen ions are the most mobile species in NbgO^).
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8.1. Conclusion
(1) \üiGn FbO and FbOg are present, a Wagner mechanism 
applies and a limited improvement in oxidation rate is 
observed.
(2) IVhen preferential oxidation of aluminium occurs and a 
mixed oxide of FbO or Fb02 with Al20^ is formed, the 
oxidation rate is very slow.
(3) At high temperatures, the presence of alumina promotes 
sintering of Fb2 0 ,^ thus forming a more compact scale. 
This causes the oxide to be more protective, as further 
growth must occur by diffusion of oxygen through the 
scale, rather than through the pores as happens when 
the oxide is less compact.
(4) There are two processes contributing to the kinetics 
of oxidation :
(a) A diffusion-controlled process for the growth of 
the inner oxide.
(b) An interface reaction, for example, FbOg -> FbgO^»
The latter is slowed due to the decrease of rate of 
transport of the reactants through the inner oxide.
(5) The substantial improvement in the oxidation resistance 
exhibited by high aluminium alloys is attributed to 
the formation of a highly protective oxide of FbAlO^o
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(6) Alloys containing 3 and a compounds show some improve­
ment in oxidation resistance at elevated temperatures.
At intermediate temperatures, due to contamination and 
subsequent cracking, the rate of oxidation is 
catastrophic.
(7) In high aluminium alloys, protective scales* rich in
FbAlO^, are formed. The protection afforded by a
mixture of NbAlO^ and Nb^O^ is approximately ^ of that 
given by NbAlO^ - AlgO?.
(8) Niobium and aluminium can be reacted to form NbAl^
only, which neither contaminates above 9 0 0 * 0 nor cracks 
and oxidizes very slowly at elevated temperatures.
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8.2. SUGGESTIONS FOE FUTURE WORK
In order to promote a greater understanding of the 
theory of oxidation of Nlo-Al alloys and their development 
for some industrial applications, it is suggested that 
investigations are made of :
(1) The oxidation of 4 to 6% A1 alloys, at intermediate
temperatures. Particularly good oxidation resistance 
is obtained in this range of temperature, and as the 
alloys would have a low neutron absorption cross-section, 
there are possible applications in the nuclear energy 
field. However, in order to retain the desirable 
mechanical properties of niobium, it is necessary to 
limit the amount of aluminium additions to 4 wt.%. It 
is therefore suggested that since a 4% A1 alloy has good
mechanical properties, the addition of small amounts of
Ti, Ni, V or Or could result in substantial improvements 
in its oxidation resistance without altering its 
mechanical properties.
(2) The possibility of the elimination of internal oxidation, 
and therefore cracking at intermediate temperatures.
This may be achieved either by the addition of small 
amounts of elements such as Ti, Ni, Or or V, to reduce 
internal contamination in the 3-phase, or by large 
additions of Ti to eliminate the inherently brittle 
sigma phase and promote the formation of a ductile 
material.
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(3) The improvement of high temperature oxidation resistance 
by the formation of a ternary compound with a wide 
range of composition, such as NbTiAl, etc. This is 
essential as NbAl^ is only a line compound and any 
preferential oxidation of aluninium results in its 
dissociation to the sigma phase, which subsequently 
oxidizes rapidly and undergoes internal contamination, 
which is undesirable for coating purposes.
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Fig. 79* Suboxides in a 2 wt.%Al Alloy, oxidized at 700°C X 100 (Polarized Light)
Fig.80• Suboxides in a 2 wt.%Al Alloy, oxidized at 800°G X 100 (Polarized Light)
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Fig.81. Changing Suboxide Orientation in a 2 wt.%Al Alloy, oxidized at 700°C X 100 (Polarized Light)
m
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Fig.82. Suboxides in a 4.5 wt.%Al Alloy, oxidized at 7oO°G X 200 (Polarized Light)
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Fig.83. Changing Suboxide Orientation in a 4.3 wt.%Al Alloy, oxidized at 700°C X 100
- >
Fig.84. The Contaminated Zone in a 4.5 wt.%A1 Alloy, oxidized at 800°C X 100
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Fig.85. Severe Cracking in a 12 wt.%Al Alloy, oxidized at 800°C X 100
Fig.86. A Severely Cracked Contaminated Zone in a 14.5 wt.%Al Alloy, oxidized at 800°C X 100
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Fig.87. A Cracked Contaminated Zone in a 9 wt.%Al Alloy, oxidized at 800°C X 100
Fig.88. Cracking in the Contaminated Zone and Matrix of a 12 wt.%Al iVlloy, oxidized at 9 0 0 °C X 100
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Fig.89. A Cracked Contaminated Zone in. a14.5 wt.%Al Alloy, oxidized at 1CC0°C X 100
Fig.90. Grains of ITbAl% carried into the Oxide of a 35 wt,%Al Alloy, oxidized at 1085°C X 100
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Fig.91. Sigma and Eutectic Phases etched oy Oxygen Contamination in a 22 wt.A.-U_ Alloy, oxidized at 1000°G X 100
Fig.92. Preferential Contamination of Eutectic Fields in a 35 wt.%Al Alloy, oxidized at 1000°C X 100
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Fig.95. Particles Precipitated'in the Con­taminated Zone of a 14.5 wt.%Al Alloy, oxidized at 1200°C X 1 5 0 0 (Oil Immersion and Polarized Light)
Fig.9 4 . Preferential Oxygen Contamination of‘the Eutectic Structure in a 35 wt.%Al Alloy, oxidiaed at 1085°C X 200
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Fig.95. Electron Micrograph of ParticlePrecipitation in the a-Fields of a 4.5 ift.%Al Alloy, oxidised at 800°C X 16000
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Fig.96. Electron Micrograph of the Matrix/ Contaminated Zone Interface in a 4.5 wt.%Al Alloy, oxidised at 1085°C % 16000
Fig.97* Electron Micrograph of Particle Precipitation at the Matrix/ Contaminated Zone Interface in a 4.5 wt.%Al Alloy, oxidised at 1085°C X 16000
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Fig.99. Electron Micrograph of ParticlePrecipitation at 0-Phase Boundaries in a 4*5 \‘rt,%Al Alloy, oxidised at 1085°CX 16000 (Dark Field Illumination)
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Fig.100. Electron Micrograph of Particle Precipitation throughout the Structure of a 4.5 wt.%Al Alloy, oxidised at 1085*0 X 16000 (Dark Field Illumination)
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Fig.101. Electron Micrograph of Dense Particle Precipitation in a 6 v;t.%Al Alloy, oxidised at 1085*0 X 10000
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Fig. 114. Cracking temperature range showing a.maximum at sigma .phase composition.3
507"
MKJm0
U
.5?01•^3
too
10
10 "TiniQj mmutt?s. (OOO
Fig„ 115, Weight change vs. time for niobium oxidized inthe temperature range of 600 to 1085*0.
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Pig.119. Layered Structure in the Oxide of a 4.5 v/t.%Al Alloy, oxidised at 1085*0
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Fig« 120r Weight increase in gm./cm. of Nh~Al alloys due to oxidation in 10% oxygen, at 700°C.
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Fig.122. Oxidation of various Fb-Cr alloys in oxygen at 1100°G.
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TABLE 1 o The-, effect of niobium valency on the volume ratio of the oxidation products of Nb-Al alloys.
Composition P o s s ib le  Reactions Volume TRatio
WbAls ^MbAU iNbdsAlaOg  ^ I 28
SMbAlj 4" &Ù Oa  s> + I*B8
2 M b A l g  + 6& O 1 ^  2Nbo2 4 _ 3 A l ] 0 a  ( S 3
2NbAl3 -fVOa Nb;i05 1-66
- 3 4 -  l & 0 % — ==* ifMbH-AtjOg
iNb^Al + 3 -5 0 2 — ^ 4-WbO^t Al^Og 1-3 7
aMbaAL + 53-05—^ Q-Nbo^ +Al^ O^g I 79
^ IMba^ Al +  G & O 2 — ^ 21 WbjO^ +  AljOg 2-07
N ksA l SMbgAl 6 N b + A lx O s  105
2 N bgA l + *+ -a 02 —^  ôM bO +Al^O ^ 1’3 \
2 Nbj At + 7 %  O 2 — =* 1-6*4
INbaAL + AO;i a N b ^ O s + A h O g  2-3
2 W b  +  0a 2 N b O  1-35
N b  + O 2 — N b O j  \-8 +
2Nb H-Qi'Oa--» N b i O c  2.66
d e n s it ie s  U se d  In  The Calculations 
N b  3 S'H- NbAI3 ■Z.I+.51 <Jni/Cm^
N b o  - 7.3 9»»/Cm^ Nb^Al Si 6-85 g*"/Cm^
NbO;^  ^G-l 9M/Cm^  NbgAU
NbiOgcS 17
;16.
Nominol cocnpost- 
tîort, clf. ■/. 
Al
OxidoUoo mg/cm^-hr
fi-o/rt Veightgalr* frtom We’ight loss
600“ SûO“ 1000® 600“ 800“ 1000“
0 lie 5.7 33.7 2<*.a '8.4- 72. 32.0
0.2 13a 7-5 39.3 193 IS.a 87.9 ^-9.7
Î la i 8.0 37.a aa.5 17.3 85.2 55.0
5 [(«<• 7 ./ •{-•{•.a I9,«- tS,B 79.8 W.S
Hardness and oxidation rate for cast Nb-Al alloys
Nomimol 
compozi- 
tion, at. •/. 
M
HavdrtCSS 
of the
inégal COM, 
KHW
Dopth of peoetrotiort^ cm
6 O0® gime, ht' 300® time, hr 1000“ tfnflo, hr
0 165 0.006 1 0.032 1 0.067 1
0.2 128 0.016 iO 0.075 5 >0.1 5
t 138 0.013 10 0.0Ô7 S >0. ( 5
5 «32 0.013 to o.oÿ-t § >o.( S
TABLE 6 Depth of penetration of oxygen and Knoop 
hardness (KEN) for Nb and Nb alloys oxidized in air at 600, 800 and 1000*0..
at. A, 600" ^00“ 1006°
Mb 0.0863 1.26 1.5s
0.2 Al 0 .1# 2.S'/- fu t .17
1 Al 0 . I$fy 3.92. (I.I8)5 Al O.lOlf- 0.790 (8 4 0 )
TABLE 7* Diffusion coefficient of oxygen for- Nb-Al.
-11? _
10. Oomn -jriron of the - -oyr
Oycid wtionTûvnpGtfotuifi?
°c -7ùù\ goo 400 tooo logs
1200 l3oo
0^*11^ at ôrt 3-oS n 6 (+.8 18 •+
Nb
3 IJÙ '/./Qf 0-7 S 4- q .75 la-oa ia-45 )7 25
if-SuP-è’/.fll e-2 '5 5.7.2 s n i t 11 ' 4-5
eut'/j{ 0-liS /•55 2 9 3 4-7 g a s
q ujt'L At SPeCimcM 
C i^acKed C f.ol
(2tJt'f.a\ c C c 3 23
t H-.5 weX/if - c C c C % 46
0-7S C C 2-24- 2.75 3 : 3 3
c C 2 * 4*5 2.23 f .4-5 1.7^5
TABLE 11
Composi t fon
( f l i  )
h la ï^o iness  (V P H  )
2.0 2 3 0
4.. 5 3iq
6 0 616
q o 735
12 0 7 4 0
/ 4 5 7 5 8
h a r d n o o S  T-.Iul-s (TIN) for the Various No -.LI allovs before Oxidation
12
Depth, of Oxygen Contamination for Nb-i3 ilo:
/9 lloy Composition D S p t b  of Contosviination  ^Cvv\
~7ù0C gooc <^00c jOôo^c 10 65t L m e , hv.
3,0 0 05^ /- O-iOT-S >0-15 5
4.5 . A/OA/ 00/<7 7 0-0355 0-054- 0 08/5
3.+ 5 9 A7j> 
39-, %+,2+
6 • 0 fjon! 0 OOg? 0 •0305 0-0+0 0-0+0
3.+^  5~j 3+^ 
30 , ztf.
q.o 0-00%. 0-0095 0 - 0190 0-03.3 9
3 3 +3 //-j
9».5
ta.o o-ooag 0-0055 0-035
3 -if 9 f 0 
5
IU-.5 O'0007 {? 0 0055 0-005+ 0'Oo575 1'0
32.0 o-ooas OOOŸ8 0'P076 0-0/3
3 5 . 0 0-0005 O'ôoig o-oo<y 0-0// + &  / 4/2.^  jJ3L4*
TABLE 13
Diffusion v o e f f i o i e nt ox L;rzygon for L b ™ ; A l ].oy
Alloy Composition
Wt. % Al
D'FFusion Coefficient / Cm^/hr.
*70o"c 8 00 C 9 00 c 10 00 c (o85C
2 -0
-s^■SS&pO -• If./-OAjlto
4 . 5
*•6 -sa-78X/0 - 5 — 9 0-S 3X10 t.'S.atJ-Rto
6-0
— 6 a s. vio -s1-83)110 -2-/57M 10^  3-3)(, 'D
1-0 8-oXid^
-s/-/3S/I0 -5 -S +51X10 d‘BS)(tO
ia-0
- iI%%10 -5f-SgX'O «.OAAX/0
'4-5
~TS.o+Kfo - 6 & (31(10 -s -s’/-0-S8»'® 3-7-71V0
0.1-0 1-33 (-98X10 ^ - 4 -6 1-07 urû 7.oV-X'0
35-0 a-77)(,ô^ +.SiXfo^ .-7 —67-sX'o a-agx'o
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TABLE 14ü. Results of the microprobe analysis on the oxid­ation products of 2 and 4*5% 41 alloys.
AUûÿ Com- 
position,
Oif M o tio n  
Tâtnpeircïus'e, 
°  C
Content»’mated Zone, 
tofc.7„
A l  Mb 0
O w ’tde , w t .%  
A l Nb 0
O b s e r v e n t iO f\s ound P v o b o - 
b U  Ojcide Foem.
2.30 ■Voo c l'3Z 7/.60 20
é é
lî'10 0
2nner A ho^
0 utav^ Oi^ c^iQ tS 4- Alj,t>3 
O iitd e  S treo f/c 'î r»‘cti w
S O O c /.-? q/.$ (f.g 
^  ^ 4 
o-a 8/-3
^•9- 68-4 3 0 Oü-fe-r o«Io?e :
q oo 'c
*•
2nner Ow*de S U 'gb tly  £ n r -  
ichod IV} AletrnmiiAVn .
Oytey Oii.'dc. : 16 v At&Og
lOOO ornol
•osslr WUof-Q Specitr.ien 
anim ated ^ t t k
O ^ y ÿ e n .
O u te  V 0 scûdc ; 16
^.66 -roo'c /(* S 26  6
%V.O 3 5 . g 37,y_
Ocstole Steecc/cj ; Sfll-aO^^
6  /v6@°|.%3
Oute-r Oj<i«de { 3ALjt0g 2 Afb
9 o o c 3 -8  q s o  1 a
t  & & 3 -t  7g  IS
f£L-0 y ^ -3  U .7  
7 -7  fS y . 
G 3 -3 3^ -0 -
Paiie/e Str KCa>fs: a  AM  y-4*/Vbo.g
ly in e V  (?stile .' < 4 h o g . 3<vbo,g 
O w ^e Ûittde : ? A /l^ g  + ^(3.^ 3
900 (: 89  9 5-9 3 -a
a-33 69- 33-67
^nnCr Os4icl<- 
Owtey OjniJU  V 1  jg 4 
A l a O a .
lOoo"C qtpjj a-9-
3 g qo o G y.
a -4 ^ 4 .0  3 3 -6 O u te r  O aitde  5^ -î'Ah^â
lo a s 'c 3 986 gg.o g.% i  i  i  
M*.a99 I q -6
2-4 G 4.1 3 3 - 5 Oietêv Oje.de ; 9wlÿ>2 - t
'••1...
TABLE 1 5. Results of the microprdbo annlv^in 01 the oxld-ation products of 6, 9 and 12 Al alloys.
Alloy C o m ­
position,
0 scici a^ion
Tempevaturc,
“ c
Contaniinoîad Zone,
w ^ %
A l  M b  0
0 :v<’d e  J w t .  %  
A 4 M b  0
OtiSev'VOl'fcioriS e n d  T v o b o b l e  
0  7ti ole Povvn*
G . % 0 7 0 0 %
2 4 .1/- 5 9  8  16-9 
6  4 6  "^9 f /5 4-4
Oîtîde s t v e o k s  *. ^  s A l o  
O u t e r  Oocxcte, ; q w b o . g  4. A I 5.O3
' E O O C 4 -.Z3  8 6 0  q.8 T 3 - 3  G 3-6 3 3 * 1 Outer Ostide : StOb^o^ A ',03 
s p e c i m e n  CvacUecJ.
q O O t 4  36 g C I  a - 5 4 3 1  6 3 - 6  B 3-3 0  u t e y  O'xucHe ; 5  M W  g 4, Al^i^
<0 0 0 % 4 -13 S 6-0 10-0 
t  T T 
4-/5 9 0 0  <ré5
3-15 63-55 33-3 Ou.ter O i A d e  : 5 jvb^0^ +  M g O a
l O S S c 3-7 3 9 - 8  -7.5
4  ^ 4 
G  4  7 6  -5 1
3  O S  63-6 3 3 - 3 2 O u t e r  Ox\'d<. -. 5  M b  3 0^ g
% S 7 S O O  c q -7 3 1 3  q -0 S P e c t m c R  C v a C K e d .  
O x y g e n  cli5 Solvco( (.atticg 
'. A l  oJlog O g
q o o c 8 8  % 2 -S 9 7 S p e c i m e n  Cv-nckcc/.
t 0 0 0 y q . o  fl2 .*â S -6 6  8-0 2 M-. y.
^ n n c v Ô 7c*tAe : A liOgj
S 0 lic2 S o tuixo n  -1- 0 »«■ 1 ctû 
preCt'^ itate : C A t  N  b g Og,^ +  
iVb#j.O -h A  i%o^ .
logs c €*•0 9 3  3 S «0.-7
aCAlP'baOa)^. SA^ bjjo-v- 
AtaOa
4.-9 6 0  3 5  3 O u t e r  0 -5i<‘d e  % if M b ;LO^ 4 . 
A t  a ^ 3 .
H M - S  c 7 -3 Ç 8 2 - 2  /O-^Ô 
it-S 7 2  3 /S-0
4 . 6  6 o - 2  35-2
C  ovnpoSttioin afi Pr/Cipit'ate . 
O u t e r  0 octd^ : 4 - A^b;^og .* 
Ai-a 0-5 .
tl‘^1 S O O c M-Ci e S -6 *+.q S p e c t V n e n  C r u c K e d -
I 0 0 0  “c 8 4 5  7 %  3 13 3 $ 8-7 7  6 3  6 2 8 - 6 3 Oaciclfi ‘. .2 N b  2 0 ({. .*(.
1 0 3 3 %
10*5 7 g-G \0*8 8-8 63.-5 % & 7 (7 u-ter Ooct-'Je : 1  M b %  o g  4. 
A l i O g
TABLE 16. Results of the microrrobe analv^lr on the oxfd.ation products of 14.6 and 22 ' ,u ailnvrl
fltloy  Com­
p o s it io n ,
a îio n
Tompepotwre,
* C
C o n tû m m d te d
"^•Orvû,
A ( ftJb 0
g w t . %
41 Nb o
O b s e r v a t to n S  ® n d  Frofe>- 
o b le  O üilde Form .
/5 .  tH g o o  c
18-1 IS 4 C r a c k e J .
4 0 9 % /1/-./6 7 2 . S /3-3 C rq  c i ie d  .
IOÔOC m -7  7 /-S  !3 '4& C va e k e d  .
« 0 8 5 C l%7% # 0  18 8 «»•'& 55 a. 3 3 0 O u t e r  Oac^'cle .-S /V b ^ O s ^ -  
a A la O a  .
1 aoo “c l i f -6 4 -6  
«4-0 73.-J i a -8
Pl'ofeafole f o r m  
0  ? Prac^gg'ffate 
4  AC&Os f  'èM htf.o
(1 q 56 a ■31-4 
10 7  55.% 33-6
in n e r 0 % /d a : 13 
O u te r O ouje. : 3  f  
3 A I3 . 0 3  .
1 3  0 S o oc 19 5 a &5 3
II-2 ^ 4 1  iy-7
d^tec-tte. re.y<oVv5-
i^-g n'o pViaje vegionS .
1000  C 26 9  3 3  / 2 0  
13-0 69  2  i 8 - 8
-5 S S o  S0.5
0u.te.ct>-e. regians.
S iijm o  phrt?e v<4 '-ons . 
£ HTect«<: 0  c>t ». cld. ; 
S'^ A^ y.0^  -i~ S-8 A/6% 0 4
1085c a % 5  55.0 /5"-7 
<5/ ,56o
fU'.U- 5o-{ 3 5 5
£u.t&cttc. rcgionj .
Stgrma p^'^oi-a. re.jju3-/m ,
Oyct-de ; 4. A I3.0 ^
At i3oo anJ 1300 c 
rvot poffibie to ■Jrcnfi.att 
U)U.<îHuÂ. tivL o)Ca J<i 
ovio/*.rta.teot f r o m  f  d c c A c  
o r Sig'tuu (0U«oa f .
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T’oble 17« Results Of The Micro probe ancily S» s 
Products of a 35 %  Al AllOj) .
The 0sctolotioo
A^loy Com­
position, OffWationTcftjperotui'o,
"C .
Contam.noW Zone, Oxrldo ,u)6.%. OhscKVisions AndProboWe
W t . L 0«ide rorm.Al Nb O  Al Nh O
3 5 0 S o o “C Botfi C uÆêafic O/nd N i i M ^  C d n tflmin cthd
q o o ' c
' ' Oxide Ort (VhAlg
l OOO c ^0-9 3 8  If 0 g  N h  A <64 .f
1085 c diT-f.Cul-t to oliffefc^rxti^Lt* 7Al2,lp3
i>eflv7ee/\ 0 JL, -?orrne<d o r\ pj b A f 3
0  y 'Gutecttc , N  b A 1 g oUèl «Oot
Coo"t£lv»U Aoitç .
Tub le M . ComparjsonNio b ium And of The Al ummiUm Reldtiv/e Affim for Oxygen.
ties of
Oxide S - — AG 500 - ^{000
A'a^ â 4-00 '2% 377.5 362-4 324-8
NbO q?5 '—- 8S-3 Tg 7
\ ivbo^ MO 9 13 03 177-5 168 5 14-6*2
Nba O5 454.0 93% q-a 1. ^ 4" ÛÔ '4* —
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TABLE 18. Microscopie measurements of the thickness of oxides formed on Nb-Al alloys.
AÜOJ) C o m ­
position, Oxiddtion
Oîciole Thickness, 
• nclios (3bser voti'onS
Timpcrdtur^C Tfme 9 hours. Inner O u t e r
1.0 TOo
900
2H-
u
~o.oo 1 
~  0 -001
0-00I5-0-Ù03 
--f O-oys
2r-.n«r O kicIc Consists <>G o,«cie 
Styqcilts .
\ 085 s 0-00' 5 0-02.5-O-OWS
4.5 ~7 0ù 0 001 Cons«St\rt^ mainlij o-fo-J^ ck Strcate
900 1 7 n.0-00a 0.007 in'tev'vnecAvcL.te Oac^de.
AOo 1 4 /wO'OOA 0-03-0-05 itiy H,r 0-00 6 thick ,
(000 2 4 1.^ 0 002 0 033-6-03>^
1085 2 4 number of Wyers
6-0 yoo 24 0-0005 non
300 5i 0 0 0 0 5 0-00 4
4 0 0 24 0- GDI 0-015
>000 30 O-OOÏS- 0-OÔÎ o-oiy. Hum b e r  of layers s s
*085 24 O-OOtS r, // c & — 9
4 0 goo 2 7 < 0  0005 non
400 4 < 0 0 0 0 5 OuteV Oocido, at edyes ortOj.
<000 4 <0-001 ' <0-004
>085 4 ^ 0-001 0 - 004
IIM-S 0 0015 0- ooq n u m b e r  0-ÇMyers = 3
13 0 960 no oluMctobte Okile -
1000 J <  O-OooS non.
1085 6 <  0.001 < 0  0 0 4 a - 3 layers .
*4.5 9 0 0
qoo
1
i
n o  oWctdbte os>«‘ic*-e
1085 i <0-0005 n o n -
1130 0-0 005-0-0007 0-001 number of My &rs s 2. - 3 .
V ;%oo
M e ta i
T h ic  k n e s s lm . 10-8
T h ic k n e s s ,  A
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- 710
JO
Oxicüe
lo"^ lo"^ fo"''- ,o^  10^
10^ 10^ 
I 
1 I
10' 10^ >01
T V p e  SoLicS A dsorbed  l?O O m " I e m p .  T 'k m  O y i i d e  T h t c h  0 »elcle
S o lu tio n  l a y e r  0%,'de A im . F dm s . F /m s SCaCes
C oLo U y Nohe None None Tem per Colour Grey Or Colour (sUsually "Btack Vavi'oble
C r y s td  C ry s to K tn e  M a y b e  S o m e C r y s t a l l i n e  C r y s ta l l in e  CoarseCvt^st&ihfie
AclheS'On G o o d  G o o d Usually Qrood Vancib(e UsuaUy
Poor
cf Oxidation ;ilm ihicknosa factions based on
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7TfG/e 2 ! . 'The.o ratiCcf^ C a ( C 0-f ùfO/h For  ^ he
O9Ctelethon of 2 .
"Time, minutes y C f -  0
2 0 •0 3 9 7 / 5 .00036 '0 0 0 0 6 ' 0 0 0 4 2 .
3 0 '047 • 0 0 0 4 8 •0 00 12. ' 0 D O  6
4 0 '424 « 0 0 0  5 / * 0 0 0 16 -0 o o 6 7
•75 • 0752. . 0 0 0 6 8 '0 0 0  2 2 5 . 0 0 0 9 0 5
q o ' 0 8 4 g 0 0 0 7 6 • 0 0 0 2 7 • 0 0  //25
120 '/035 * 0 0  Jo ' 0 0 0 3 6 * 0 013 6
t50 ' /aa ' o^//3 • 0 0 0 4 5 • 0 0 158
180 ' 14/ • 0 0 J2.8
H o »|65 ' 0 0 ) 4 3 ' 0 0 0 6 3 • 0 0 2-0 6
2.40 ,/gl • 0 0/65 » 0 00 I 2 ' 0 0 2 3 7
2 1 0 ' % 0 4 • OOiqi. . 0 0 0  8 ■ 0  02L7J2
3 0 0 * I.*! 9“ 'O O d O S ' OOOC| • 0 0 2 ^ 5
3 6 0 • a 7 a '0 00.49 0 0 ( 0 8 - 0 0 3 5 7
3 9 0 . 0 0 2 7 2 . .Û0  111 ’ 0 0 3 8 1
(5 = 4 -7 7  X 10^* 4br S-n^è'kio
Alloy Com-' 
Position, ; 
W t % A (
n ^ V a lae wo. o f 0 ?c olg JEflijçj’s
O x id c it io n  - 
Tempgyotw/e,
°C.
T*\me f 
Krs .
2 0 1 0 % 14 1 0 8 5 c 6  .
4 . 5 l-if- 1085 2 4
G .0 /■7 10 85 1 4
4 - 0 /•6 3  : ilif’S 7
12-0 < 9 i l - 3 f o # 5 7
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ResultsNiobiumstudied
0 1  t a e  C x i a a t i o n  
a n d  t i o b i u m - \ l u m .n; ^ e u v s  o n  /.loys
Un alloyed Niobium
Time Weigbi Change kfi ù r a m S 4 6»
Minutes 6oo C 7 0 0  C 8ooc 10 08 c 1085 c
0 0 0 0 0 0
i O-OdO B 0 ' 0 û 0 8 O ' 0 0 % O' 0 0 6 5 O ’ O o q s
X O'OOOS O- Oof l ^ 0 0 0 1 0 0 - 0001 O- Ot l f - 5
3 O’ 0 008 O ’ OOXO 0 ’ OO(\O Ô ’ ô l î û 0 ’ 0 % o o
k- a-ooo<^ Q ’ 0 0 l 5 d ’ O t 10 0  ' O I S 7*0735
5 0 -00// e 0 0  3 0 0 ' O I X ^ 0 - 0 1 7 S 0 ’ 0X i s
6 0 ' O O l 3 0 ’ 0 ô 3 ^ O - O i S O û - o i q s 0 - Û 3 0 0
1 0 - 0 0 3 $ Q ’ Ol So 0 - 0 1 1 0 0 ■0 3 4 0
8 O o o l ^ 0 0 0 ^ ^ 0-0/73 0-02.40 0 - 0 3 7 Û
8 Q - O & ^ S . Û ’ Ô0Lf , 7 0'0/gS 0- 0X 60 O - O i f - ' O
10 0 ' OOXO 0  ‘ O O G o O ' 0 100 O ’ O X S a 0 '0427
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